













This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
 
This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given. 
 
Wireless Power and 
Communication System 





A thesis submitted for the degree of Doctor of Philosophy 




I would like to thank my supervisors, Prof. Alan Murray and Dr Brian Flynn, for their 
guidance and support during my study. Alan has always been the greatest guider 
during my research and study. He is always here to keep me in the right direction 
when I got lost and solve my concerns when I am stuck. Brian is one of the smartest 
people I have ever seen. He is always ready to support me with his knowledge and 
experience in RF engineering. I am grateful for their trust and patience, which have 
encouraged me to carry on during the hard times and explore the unknown.  
I would also like to thank Dr Martin Reekie for his help and support during my study. 
His rigour in research and passion for acquiring knowledge are the most precious 
things I have learned in the university. I am especially grateful for his advice in the 
design of rectifiers in this thesis and in the field of analogue circuits. 
I would also like to thank Prof. Ian Underwood for his encouragement and trust as my 
former personal tutor and as the chair of Scottish Microelectronic Centre.  
I would also like to thank Iain Gold, Mark Mason and the other technical staff in the 
School of Engineering for their generous support in the construction of experiment 
apparatus and their patient assistance in building and testing the circuits. 
I would also like to thank Chandrasekaran Gunasekaran and Rui Song, who gave me 
enormous support in the design, layout and testing of rectifier chips. It is fun and 
enjoyable to work with them. 
I would also like to thank the IMPACT team that gave me significant support in my 
research.  
I would also like to thank EPSRC for the funding of the research. 
I am truly grateful to my family during my time in Edinburgh; My parents Shiwen Huang 
and Jianxin She, and my sister Liyan Huang for their love and motivations.  
I would also like to express my gratitude to my girlfriend, Olivia Yuan, and all my other 
friends in Edinburgh who accompany me and support me in my everyday life.  





This thesis aims to examine the hypothesis that “Power of more than 1 mW can be 
received by the microsystem inside a human body through a wireless magnetic 
coupling link with a receiver of a diameter less than 2mm from a transfer 
distance as much as 20 cm” and “Data can be transmitted wirelessly from the 
microsystem to an external reader using the same magnetic coupling link as 
the wireless power system”. A 3-coil weakly coupled magnetic resonance wireless 
power transfer system has been built based on solenoid coils. The design of the 
transmitter of the system includes the designs of a single-turn coupling coil and a 
multi-turn primary coil. To maximise the magnetic field generated by the transmitter, 
the relative position of the two coils is optimised to match the impedances of the coils. 
Design flow is reported for the optimum dimensional parameters (coil diameter, gap 
interval, number of turns) of the primary coil after a detailed analysis of the co-
dependencies of the parameters. The design of the receiver of the system includes 
the designs of the receiver coil and the rectifier. Two kinds of solenoid receiver coils 
have been analysed, the air-core coil and the ferrite-core coil. Due to the size limitation 
(2 mm-diameter) of the receiver, only the ferrite-core solenoid coil is able to meet the 
power demand. Design flow of the ferrite-core coil is reported. In terms of the rectifier, 
a novel static gate-control bootstrapping rectifier (static BSR) and a novel opto-
coupled dynamic gate-control (OCDGC) bootstrapping rectifier are reported, which 
have low power consumption and high power conversion efficiency compared with 
junction-diode rectifiers and comparator-based rectifiers. The power delivered to load 
(PDL) of the whole WPT system is tested in air and human conductive tissue at 
transfer distances within 20 cm with consideration of rectifier power conversion 
efficiencies and different load conditions (500 Ω and 5 kΩ). Results show that, at 20 
cm transfer distance, the system will be able to meet the 1 mW power demand for 
light load condition (5 kΩ) both in air and in human conductive tissue; But in heavy 
load condition (500 Ω), a high number of receiver coil turns will be needed to meet the 
power demand. The sensitivity of the data transfer of the whole WPT system is also 
analysed based on load shift keying (LSK) modulation. The S-parameter S11 ratio is 
the Figure of Merit (FOM) of the data transfer analysis. It can be concluded that the 
hypotheses of the thesis are feasible, which is an inspiration of multiple deep-tissue 












To my parents 




Acknowledgement .......................................................................................................................... ii 
Abstract ......................................................................................................................................... iii 
Contents ........................................................................................................................................... v 
List of figures ............................................................................................................................... viii 
List of tables ............................................................................................................................... xviii 
Acronyms and abbreviations ....................................................................................................... xxi 
Nomenclature ............................................................................................................................ xxiii 
CHAPTER 1. INTRODUCTION ....................................................................................................... 1 
1.1 MOTIVATIONS ........................................................................................................................... 2 
1.2 LITERATURE REVIEW AND OPTIONS FOR WIRELESS POWER AND DATA TRANSFER FOR MEDICAL IMPLANTS ..... 3 
1.2.1 Introduction ...................................................................................................................... 3 
1.2.2 Wireless data transfer with wireless power transfer........................................................ 3 
1.2.3 Magnetic coupling resonance power transfer ................................................................ 10 
1.2.4 Ultrasonic wave power ................................................................................................... 13 
1.2.5 EM mid-field and far-field radiation ............................................................................... 15 
1.2.6 Other power supply options ........................................................................................... 17 
1.2.7 Options for rectifier in wireless power transfer .............................................................. 19 
1.3 THESIS OUTLINE ....................................................................................................................... 23 
CHAPTER 2 THEORIES FOR THE MAGNETIC COUPLING RESONANCE WIRELESS POWER 
TRANSFER SYSTEM FOR DEEP IMPLANTED MEDICAL DEVICES ........................................................ 25 
2.1 INTRODUCTION ....................................................................................................................... 25 
2.2 BASIC LAWS ............................................................................................................................ 27 
2.2.1 Biot-Savart Law .............................................................................................................. 27 
2.2.2 Faraday’s Law ................................................................................................................. 30 
2.3 WIRELESS POWER TRANSFER THEORY AND IMPORTANT FACTORS ....................................................... 33 
2.3.1 L-C Resonant Circuit Theory .......................................................................................... 33 
2.3.2 Impedance matching ...................................................................................................... 40 
2.3.3 Inductor models and factors ........................................................................................... 51 
2.3.4 EM regions, EM Wave Attenuation in Tissue and EM exposure Limit ............................ 65 
2.4 SUMMARY OF THIS CHAPTER ...................................................................................................... 73 
CHAPTER 3 MODELS AND DESIGNS FOR THE MAGNETIC COUPLING RESONANCE WIRELESS 
POWER TRANSFER SYSTEM FOR DEEP IMPLANTED MEDICAL DEVICES ........................................... 74 
3.1 TRANSMITTER COIL MODEL ........................................................................................................ 74 
3.1.1 Introduction .................................................................................................................... 74 
3.1.2 Maximisation of current in the transmitter primary coil ................................................ 74 
vi 
3.1.3 The maximisation of magnetic field from a solenoid coil as the primary coil ................ 79 
3.1.4 Comparison of magnetic field strength between theoretical results and measurement 82 
3.1.5 Summary of this section ................................................................................................. 87 
3.2 TRANSMITTER DESIGN ............................................................................................................... 88 
3.2.1 Introduction .................................................................................................................... 88 
3.2.2 Co-dependencies between parameters .......................................................................... 88 
3.2.3 Design flow of solenoid transmitter ............................................................................. 101 
3.2.4 The optimum parameters for the transmitter and its performance ............................. 109 
3.2.5 Summary of this section ............................................................................................... 115 
3.3 RECEIVER COIL MODEL AND DESIGN ........................................................................................... 117 
3.3.1 Introduction .................................................................................................................. 117 
3.3.2 Model of receiver coil in the receiver circuit ................................................................. 118 
3.3.3 Analysis of receiver with an air-core solenoid coil ........................................................ 120 
3.3.4 Analysis of receiver with a ferrite-core solenoid coil .................................................... 128 
3.3.5 Receiver design flow ..................................................................................................... 139 
3.3.6 Summary of the section ................................................................................................ 143 
3.4 SUMMARY OF THE CHAPTER ..................................................................................................... 144 
CHAPTER 4 RECTIFIER ON CHIP .............................................................................................. 146 
4.1 CIRCUIT THEORY FOR RECTIFIERS ............................................................................................... 146 
4.2 CONVENTIONAL RECTIFIER PERFORMANCE .................................................................................. 152 
4.3 BASIC BOOTSTRAPPING RECTIFIER .............................................................................................. 159 
4.3.1 Basic circuit theory and schematic ............................................................................... 159 
4.3.2 Practical Basic bootstrapping rectifier and its performance ........................................ 161 
4.4 AUGMENTED BOOTSTRAPPING RECTIFIERS.................................................................................. 173 
4.4.1 Static gate-control bootstrapping rectifier ................................................................... 173 
4.4.2 Dynamic gate-control rectifier...................................................................................... 186 
4.5 CONCLUSION ........................................................................................................................ 198 
CHAPTER 5 THE PERFORMANCE OF THE FULL PROPOSED MAGNETIC COUPLING RESONANCE 
WPT SYSTEM…… .......................................................................................................................... 200 
5.1 FULL PROPOSED MAGNETIC COUPLING RESONANCE WPT SYSTEM MODEL ......................................... 200 
5.2 THE POWER DELIVERED TO THE RECTIFIER ................................................................................... 203 
5.2.1 Circuit model analysis ................................................................................................... 203 
5.2.2 Calculation result .......................................................................................................... 206 
5.3 THE POWER DELIVERED TO LOAD ............................................................................................... 210 
5.3.1 The receiver coil circuit model with the impedance matching circuit ........................... 210 
5.3.2 Power delivered to load (PDL) calculation result .......................................................... 212 
5.4 SUMMARY OF THIS CHAPTER .................................................................................................... 217 
 
vii 
CHAPTER 6 WIRELESS SIGNAL TRANSFER IN THE WIRELESS POWER TRANSFER SYSTEM ....... 219 
6.1 INTRODUCTION ..................................................................................................................... 219 
6.2 BASICS FOR S-PARAMETERS ..................................................................................................... 221 
6.3 MODELS FOR WIRELESS SIGNAL TRANSFER ................................................................................... 224 
6.3.1 The circuit model with no impedance matching network between the coupling coil and 
the power source ....................................................................................................................... 224 
6.3.2 The circuit model with an impedance matching circuit at the coupling coil ................ 227 
6.4 ANALYSIS OF WIRELESS SIGNAL TRANSFER MODEL ......................................................................... 231 
6.4.1 Model parameters ........................................................................................................ 231 
6.4.2 Analysis of the model with no impedance matching at the coupling coil .................... 233 
6.4.3 Analysis of the model with impedance matching at the coupling coil circuit ............... 237 
6.5 SUMMARY OF THIS CHAPTER .................................................................................................... 239 
CHAPTER 7 CONCLUSION ....................................................................................................... 241 
7.1 SUMMARY ............................................................................................................................ 241 
7.2 CONCLUSIONS ....................................................................................................................... 245 
7.3 FURTHER WORK .................................................................................................................... 248 
APPENDIX .................................................................................................................................... 249 
A1. PICTURE OF EXPERIMENT DEVICES ............................................................................................. 249 
A2. SELF-CAPACITANCE AND SRF PREDICTION ................................................................................... 253 
A3. PROXIMITY FACTOR FOR AC RESISTANCE CALCULATION.................................................................. 256 
A4. OCDGC RECTIFIER OPERATION PROCESS .................................................................................... 257 
A5. RECTIFIER PERFORMANCE ........................................................................................................ 259 
A6. RECTIFIER MEASUREMENT RESULT ............................................................................................. 264 
A7. CALCULATION PROGRAM ......................................................................................................... 270 




List of figures 
Figure 1.2-1 Block diagram of a passive near-field magnetic coupling RFID system [69] ...................... 4 
Figure 1.2-2 (Upper) block diagram of a magnetic coupling wireless power transfer system with 
multiple-links for data tranfser, where the upper link is for power transfer, the middle link is for 
forward data and the bottom link is for back telemetry [81]; (bottom) block diagram of a single-
link magnetic coupling wireless power transfer system with multiple carriers [82] ..................... 7 
Figure 1.2-3 Block diagram of the wireless power and communication system for medical implants, 
where FSM is the finite state matchine for control purpose ........................................................ 11 
Figure 1.2-4 Demonstrative diagram of ultrasonic WPT system [134] ................................................ 14 
Figure 1.2-5 Conventional junction-diode rectifier ............................................................................... 20 
Figure 1.2-6 Circuit diagram of self-synchronous rectifier ................................................................... 20 
Figure 1.2-7 Circuit diagram of a basic BSR [166] ................................................................................ 21 
Figure 1.2-8 Comparator-based switch-mode rectifier [168] ............................................................... 22 
Figure 2.1-1 Block diagram of a basic wireless power transfer system ................................................ 25 
Figure 2.2-1 Coordinate schematic for a single-turn closed loop TX with a radius of a and a current I 
on it and another loop RX with a radius of b (𝑏 ≪ 𝑎) located coaxially with a distance h 
between them .............................................................................................................................. 28 
Figure 2.2-2 Closed loop with surface S in a magnetic field with a magnetic flux density B, with E 
being the electromotive force (emf) on the loop and dl being the infinitesimal line component on 
the loop ........................................................................................................................................ 30 
Figure 2.3-1 Parallel L-C circuit ........................................................................................................... 33 
Figure 2.3-2 Voltage, inductor current and capacitor current responses in the parallel L-C circuit for 1 
Vpeak VIN, 100 pF of C1 and 2 µH of L1 ......................................................................................... 35 
Figure 2.3-3 Parallel L-C circuit with a parallel parasitic resistor ........................................................ 35 
Figure 2.3-4 Series L-C circuit .............................................................................................................. 37 
Figure 2.3-5 Voltage, inductor current and capacitor current responses in the series L-C circuit for 1 
mApeak of IIN, 100 pF of C1 and 2 µH of L1 .................................................................................... 38 
Figure 2.3-6 Series L-C circuit with a series parasitic resistor .............................................................. 39 
Figure 2.3-7 Simple AC circuit with an AC voltage source VIN, a source impedance ZS and a load 
impedance ZL; the voltage across the source impedance is VS, and the voltage across the load 
impedance is ZL; the current in the circuit is I. ............................................................................ 40 
Figure 2.3-8 (𝑅𝑆 ≥ 𝑅𝐿) normal L-section impedance matching circuit (left), which consists of jX1 and 
jX2. VIN is the voltage source, ZS is the source impedance (ZS* the complex conjugate), ZL is the 
load impedance (ZL* the complex conjugate). Equivalent circuit from the voltage source side 
(middle), and the equivalent circuit from the load impedance side (right). ................................ 42 
Figure 2.3-9 (𝑅𝐿 ≥ 𝑅𝑆) reverse L-section impedance matching circuit (left), which consists of jX1 and 
jX2. VIN is the voltage source, ZS is the source impedance (ZS* the complex conjugate), ZL is the 
ix 
load impedance (ZL* the complex conjugate). Equivalent circuit from the voltage source side 
(middle), and the equivalent circuit from the load impedance size (right). ................................. 43 
Figure 2.3-10 π-section impedance matching circuit, which consists of jX1, jX2 and jX3. VIN is the 
voltage source, ZS is the source impedance (ZS* the complex conjugate), ZL is the load 
impedance (ZL* the complex conjugate). .................................................................................... 45 
Figure 2.3-11 Equivalent circuits of the π-section impedance matching circuit; in the top one, jX3 splits 
into jX4 and jX5, and a virtural impedance Z can be assumed to exist between them; in the 
bottom left, the equivalent circuit is between the voltage source and the virtural impedance Z; 
in the bottom right, the equivalent is between the virtural impedance Z and the load 
impedance. .................................................................................................................................. 46 
Figure 2.3-12 Equivalent circuit of the π-section impedance matching circuit from the load impedance 
side .............................................................................................................................................. 47 
Figure 2.3-13 T-section impedance matching circuit, which consists of jX1, jX2 and jX3. VIN is the 
voltage source, ZS is the source impedance (ZS* the complex conjugate), ZL is the load 
impedance (ZL* the complex conjugate). .................................................................................... 48 
Figure 2.3-14 Equivalent circuits of the T-section impedance matching circuit; in the top one, jX3 splits 
into jX4 and jX5, and a virtural impedance Z can be assumed to exist between them; in the 
bottom left, the equivalent circuit is between the voltage source and the virtural impedance Z; 
in the bottom right, the equivalent is between the virtural impedance Z and the load 
impedance. .................................................................................................................................. 48 
Figure 2.3-15 Equivalent circuit of the T-section impedance matching circuit from the load impedance 
side .............................................................................................................................................. 49 
Figure 2.3-16 Load impedance with capacitance CL ............................................................................ 50 
Figure 2.3-17 Reverse L-section matching circuit with a small capacitve load; (left) the load 
capacitance CL is absorbed into the matching circuit, and the total capacitance CM+CL makes 
the capacitor of the reverse L-section; (right) the load capacitance CL resonates with the add-on 
inductor LR, the reverse L-section directly matches the leftover load resistance RL ................... 50 
Figure 2.3-18 Reverse L-section matching circuit with a large capacitve load; (left) a part CL1 of the 
load capacitance CL is absorbed into the matching circuit, and the remaining capacitance CL2 
resonate with the add-on inductor LR; (right) the load capacitance CL resonates with the add-on 
inductor LR, the reverse L-section directly matches the leftover load resistance RL ................... 51 
Figure 2.3-19 Complete lumped-circuit model of a coil [174], where Dloop is the diameter of the coil 
and lloop is the length of the coil ................................................................................................... 52 
Figure 2.3-20 Calculated self-capacitance against number of coil turns N with diameter of coil Dloop = 
20 cm, gap interval p = 1.2 cm, internal relative permittivity    𝑖 = 2.7 (Acrylic) and external 
relative permittivity = 1 (air) ........................................................................................................ 55 
Figure 2.3-21 Self-capacitance against the gap interval p with diameter of coil         Dloop=20 cm, 
number of coil turns N = 6, internal relative permittivity 𝑖 = 2.7 (Acrylic) and external relative 
permittivity 𝑥 = 1 (air) ................................................................................................................ 55 
x 
Figure 2.3-22 SRF against number of coil turns N with diameter of coil Dloop = 20 cm, gap interval p = 
1.2 cm, internal relative permittivity 𝑖 = 2.7 (Acrylic) and external relative permittivity = 1 (air)
 ..................................................................................................................................................... 59 
Figure 2.3-23 SRF against gap interval p with diameter of coil Dloop=20 cm, number of coil turns N  = 6, 
internal relative permittivity 𝑖 = 2.7 (Acrylic) and external relative permittivity 𝑥 = 1 (air) ..... 59 
Figure 2.3-24 (Left) distributed parasitic capacitance exists between coil and conductive environment 
in proximity with parasitic resistance; (right) equivalent circuit for solenoid coil with equivalent 
parasitic capacitance and parasitic resistance causing by conductive environment in proximity60 
Figure 2.3-25 Parasitic capacitance against distance between coil and human body in different 
number of coil turns. Diameter of coil Dloop=20 cm, gap interval p=1 cm, internal relative 
permittivity 𝑖=2.7 (Acrylic) and external relative permittivity 𝑥=1 (air) ................................... 61 
Figure 2.3-26 Calculated AC resistance against number of coil turns N with diameter of coil Dloop = 20 
cm, gap interval between coil turns p = 1.2 cm, internal relative permittivity 𝑖 = 2.7 (Acrylic) and 
external relative permittivity 𝑥 = 1 (air) ..................................................................................... 64 
Figure 2.3-27 AC resistance against gap interval between coil turns p with diameter of coil Dloop = 20 
cm, number of coil turns N = 6, internal relative permittivity 𝑖 = 2.7 (Acrylic) and external 
relative permittivity 𝑥 = 1 (air) ................................................................................................... 64 
Figure 2.3-28 Attenuation of magnetic field against frequencies at different transfer distances (10  cm, 
15 cm, 20 cm) in a uniform conductive material with a frequency-independent high dielectric 
constant (𝜎=0.625 S/m, Ɛ𝑟=160) ................................................................................................. 69 
Figure 2.3-29 Attenuation of magnetic field against transfer distance at different frequencies (5  MHz, 
10 MHz, 15 MHz) in a uniform conductive material with a frequency-independent high dielectric 
constant (𝜎=0.625 S/m, Ɛ𝑟=160) ................................................................................................. 69 
Figure 3.1-1 Equivalent circuit of the transmitter circuit...................................................................... 75 
Figure 3.1-2 Equivalent circuit of the transmitter with the coupling coil circuit reflected to the primary 
coil circuit; VPrimary is the voltage at the primary coil circuit, which is linked to the coupling coil 
circuit; Z’Ccouple is the reflected impedance of the coupling coil circuit to the primary coil circuit.
 ..................................................................................................................................................... 76 
Figure 3.1-3 Equivalent circuit of the transmitter with primary coil circuit reflected to coupling coil 
circuit; Z’Primary is the reflected impedance of the primary coil circuit to the coupling coil circuit.
 ..................................................................................................................................................... 76 
Figure 3.1-4 (Left) equivalent circuit of transmitter with a T impedance matching circuit (CM1, CM2, 
LM) and (right) equivalent circuit from transmitter coils side. VIN’ is the equivalent input voltage 
source of the equivalent circuit and Z’Source is the equivalent source impedance. ....................... 78 
Figure 3.1-5 Schematic illustration of the relative position of primary coil and receiver coil and key 
parameters for magnetic field strength calculation .................................................................... 80 
Figure 3.1-6 Experimental setup for measuring magnetic field strength generated by transmitter, 
with the primary coil in the figure as transmitter coil ................................................................. 82 
xi 
Figure 3.1-7 Comparison of theoretical result and experimental result of magnetic field strength in a 
transfer distance ranging between 0 and 30 cm from a solenoid transmitter coil with a gap 
interval of 1 cm, and 4 turns and three different diameters 20 cm 30 cm and 40 cm .................. 83 
Figure 3.1-8 Comparison of the theoretical result and experimental result of the magnetic field 
strength in a transfer distance ranging between 0 and 30 cm from a solenoid transmitter coil 
with a diameter of 30 cm, and 4 turns and three different gap intervals 1 cm, 3.5 cm and 5.5 cm
 ..................................................................................................................................................... 84 
Figure 3.1-9 Comparison of theoretical result and experimental result of magnetic field strength in a 
transfer distance ranging between 0 and 30 cm from solenoid transmitter coils with a diameter 
of 20 cm, gap interval of 1 cm and number of turns of 2, 4, 6, and 8. Cal is calculation; Mea is 
measurement. ............................................................................................................................. 86 
Figure 3.2-1 Magnetic field Hz vesus the primary coil diameter DTx for different lengths of tansfer 
distance hNpri with number of coil turns 𝑁𝑃𝑟𝑖 = 4, gap interval          𝑝 = 1 cm and input voltage 
𝑉𝐼𝑁 = 1 VRMS ................................................................................................................................ 91 
Figure 3.2-2 Magnetic field Hz versus primary coil diameter at different numbers of coil turn 𝑁𝑃𝑟𝑖 
with transfer distance hNpri = 10 cm, gap interval 𝑝 = 1 cm and input voltage 𝑉𝐼𝑁 = 1V RMS ....... 92 
Figure 3.2-3 Magnetic field Hz versus primary coil diameter at different gap interval 𝑝 with transfer 
distance hNpri = 10 cm, numbers of coil turn 𝑁𝑃𝑟𝑖 = 4 and input voltage 𝑉𝐼𝑁 = 1 VRMS ............... 94 
Figure 3.2-4 Magnetic field Hz versus gap interval at different transfer distances with input voltage 
𝑉𝐼𝑁 = 1 VRMS, number of turns 𝑁𝑃𝑟𝑖 = 4 and primary coil            diameter = 10 cm .................... 96 
Figure 3.2-5 Magnetic field Hz against gap interval at different numbers of turns 𝑁𝑃𝑟𝑖 with input 
voltage 𝑉𝐼𝑁 = 1 VRMS, transfer distance hPri = 10 cm and primary coil   diameter DPri = 10 cm... 97 
Figure 3.2-6 Magnetic field Hz against the gap interval at different numbers of turns 𝑁𝑃𝑟𝑖 with input 
voltage 𝑉𝐼𝑁=1 VRMS, transfer distance=10 cm and primary coil diameter = 30 cm ..................... 98 
Figure 3.2-7 Magnetic field Hz against the number of turns at different transfer distances with the 
input voltage 𝑉𝐼𝑁 = 1 VRMS, the gap interval=1 cm and the primary coil diameter=10 cm.......... 99 
Figure 3.2-8 Setup of the transmitter system ..................................................................................... 101 
Figure 3.2-9 Design flow of the primary coil-part1 ............................................................................ 103 
Figure 3.2-10 Design flow of the primary coil-part2 .......................................................................... 104 
Figure 3.2-11 Demonstrative figure for the situation where the magnetic field strength at non-
stationary point P2 is higher than the magnetic field strength at the stationary point P1 while the 
SRFs for both points are the same; the point P2 is located at a curve where the number of turns 
N2 is higher than the number of turns N1 of the curve where P1 is located ............................... 106 
Figure 3.2-12 Design flow of the transmitter system ......................................................................... 108 
Figure 3.2-13 Primary coil and the coupling coil connected to the network analyser; Cext is the external 
variable capacitor ...................................................................................................................... 108 
Figure 3.2-14 Setup of the transmitter system with the network analyser ........................................ 109 
Figure 3.2-15 Setup of the transmitter system ................................................................................... 109 
Figure 3.2-16 Coupling coil equivalent circuit with T matching network for optimum TX of 20 cm 
transfer distance ........................................................................................................................ 111 
xii 
Figure 3.2-17 Distribution (colour table) and direction (green arrows) of magnetic field strength H at 
the axis plane (top) and at the edge-tangent plane (bottom) parallel to the axis plane of the coil 
with optimum parameters for 16 cm transfer distance ............................................................. 112 
Figure 3.2-18 Calculation results (blue) and COMSOL simulation results (orange) of magnetic field 
strengths along the axis of the coil of the optimum coil for 16 cm transfer distance ................ 113 
Figure 3.2-19 Distribution (colour table) and direction (green arrows) of magnetic field strength H at 
the axis plane (top) and at the edge-tangent plane (bottom) parallel to the axis plane of the coil 
with optimum parameters for 20 cm transfer distance ............................................................. 114 
Figure 3.2-20 Calculation results (blue) and COMSOL simulation results (orange) of magnetic field 
strengths along the axis of the coil of the optimum coil for 20 cm transfer distance ................ 114 
Figure 3.3-1 Block diagram of the receiver in the wireless power transfer system ............................ 117 
Figure 3.3-2 Circuit diagram of the receiver circuit with a T impedance matching circuit ................. 118 
Figure 3.3-3 Equivalent circuit of receiver with impedance matching circuit from the series L-C circuit 
side; the impedance of the rectifier has been converted to RRX, which is the total resistance of 
the series L-C circuit; the voltage source VIN equals to the induced voltage across the receiver 
coil ............................................................................................................................................. 119 
Figure 3.3-4 RMS induced voltage (left) and output power (right) of air-core receiver coil in different 
receiver coil diameters(1 mm, 2 mm, 4 mm) for a range of number of turns (1 to 200) with gap 
interval = 0.1 mm, wire diameter=0.1 mm, operational frequency=8MHz and magnetic field=1.5 
A/m ............................................................................................................................................ 123 
Figure 3.3-5 RMS induced voltage (left) and output power (right) of air-core receiver coil in different 
coil diameter (1 mm, 2 mm, 4 mm) for a range of magnetic field strength (0 to 20 A/m) with gap 
interval = 0.1 mm, wire diameter = 0.1 mm, operational frequency = 8 MHz and 100 turns..... 124 
Figure 3.3-6 Output power of air-core receiver coil in different wire diameters       (0.1 mm, 0.15 mm 
and 0.2 mm) for a range of gap intervals between turns (0.2 mm to 0.5 mm) with coil 
diameter=2 mm, magnetic field strength=1.5 A/m, and operational frequency=8 MHz and 100 
turns .......................................................................................................................................... 125 
Figure 3.3-7 Output power of air-core receiver coil in different wire diameters (0.1mm, 0.15mm and 
0.2mm) for a range of gap intervals between turns (0.2mm to 0.5mm) with coil diameter=2mm, 
magnetic field strength =1.5A/m, operational frequency=8MHz and 20 turns ......................... 126 
Figure 3.3-8 (top) Demonstration of optimum primary coil and air-core receiver coil (on the bottom-
left of the image) at 20 cm transfer distnace in the COMSOL simulation and (bottom) an image 
of 200-turn receiver coil with 2 mm diameter and 0.1 mm of gap interval and wire width. The 
receiver coil overall length=4cm. ............................................................................................... 127 
Figure 3.3-9 Comparison of COMSOL simulation results, calculation results of induced voltages on the 
air-core receiver coil against the number of turns of receiver coil at 20 cm transfer distance .. 128 
Figure 3.3-10 Demonstration of an elliptical ferrite core and a cylindrical ferrite core with the length 
of the cores being lRX, the diameter of the cores being DRX. ..................................................... 129 
Figure 3.3-11 Equivalent circuit of receiver with impedance matching circuit from the series L-C 
circuit side; the impedance of the rectifier has been converted to RRX, which is the total 
xiii 
resistance of the series L-C circuit; the voltage source VIN equals to the induced voltage across 
the receiver coil.......................................................................................................................... 131 
Figure 3.3-12 Size comparison between a 4 mm-diameter circle and three 2 mm-diameter circles and 
twelve 1 mm-diameter circles .................................................................................................... 135 
Figure 3.3-13 (From calculation) RMS induced voltage of ferrite-core receiver coil in different wire 
diameter (0.1 mm, 0.15 mm and 0.2 mm) for a range of gap intervals between turns (0.2 mm to 
0.5 mm) with coil diameter = 2 mm, and operational frequency = 8 MHz and 100 turns, at 20 cm 
transfer distance with the optimised wireless power transmitter ............................................. 136 
Figure 3.3-14 Comparison of COMSOL simulation results, calculation results of induced voltages on 
the ferrite-core receiver coil against the number of turns of receiver coil at 20 cm transfer 
distance ..................................................................................................................................... 138 
Figure 3.3-15 (Top) Demonstration of the optimum primary and the ferrite-core receiver coil (on the 
bottom-left of the image) at 20 cm-transfer-distnace in COMSOL simulation and (bottom) a 
close image of the 200-turn receiver coil with 2 mm diameter, 0.1 mm gap interval and 0.1 mm 
wire width. The coil overall length is 4 cm. ................................................................................ 138 
Figure 3.3-16 Circuit diagram of the receiver circuit with a T impedance matching circuit ............... 139 
Figure 3.3-17 Design flow of the receiver circuit ................................................................................ 141 
Figure 3.4-1 System diagram of the proposed magnetic coupling resonance WPT system including the 
magnetic coupling link and the rectifier and load at the receiver ............................................. 144 
Figure 4.1-1 Block diagram of a rectifier. 𝑣𝐼𝑁(𝑡) is the input voltage, 𝑖𝐼𝑁(𝑡) is the input current; 
𝑣𝑂𝑈𝑇(𝑡) is the output voltage, 𝑖𝑂𝑈𝑇(𝑡)is the output current ................................................. 146 
Figure 4.1-2 Illustrative circuit diagram for a conventional rectifier with a number of n working PN-
junction diodes at an arbitrary time. 𝑣𝑑𝑖𝑜𝑑𝑒(𝑡) is the total voltage across the diodes; 𝑖𝑑𝑖𝑜𝑑𝑒(𝑡) 
is the amount of current through the diodes; 𝑉𝑡ℎ is the threshold voltage of the diodes ........ 147 
Figure 4.1-3 Illustrative circuit diagram for a PMOS rectifier with the control circuit current from the 
input. The upper diagram is when 𝑣𝐼𝑁(𝑡)> 𝑣𝑂𝑈𝑇(𝑡); the bottom diagram is when 
𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡). 𝑣𝑠𝑑(𝑡) and 𝑣𝑑𝑠(𝑡) are the voltage across the source and drain of the PMOS 
in the two different situations. 𝑖𝑅𝐸𝑉(𝑡) is the reverse current flowing from the output to the 
input when 𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡). The block “Control” is the control circuit to control the gate 
voltage of the PMOS. 𝑖𝐶𝑇𝐿(𝑡) is the current from the input to power the control circuit. ....... 148 
Figure 4.1-4 Illustrative circuit diagram for a PMOS rectifier with the control circuit current from the 
output. The upper diagram is when 𝑣𝐼𝑁(𝑡)> 𝑣𝑂𝑈𝑇(𝑡); the bottom diagram is when 
𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡) ..................................................................................................................... 149 
Figure 4.2-1 Half-wave rectifier with a 1:1 transformer as the input source [210] ............................ 152 
Figure 4.2-2 Full-wave rectifier with a centre-tapped 1:2 transformer [210] .................................... 153 
Figure 4.2-3 Schottky diode with parasitic capacitor ......................................................................... 154 
Figure 4.2-4 Rectifier circuit with the diode-connected PMOS M1 as the rectification component ... 154 
Figure 4.2-5 Waveform of output voltages of the diode-connected PMOS rectifier for peak input 
voltages from 1V to 5V at the light load condition .................................................................... 156 
xiv 
Figure 4.2-6 (From simulation) efficiency of diode-connected PMOS rectifier with     5 kΩ load 
resistance and 100 pF load capacitance; the simulated waveforms of the output current through 
the diode-connected PMOS can be seen at in Chapter 6. .......................................................... 157 
Figure 4.2-7 (From simulation) output voltages of diode-connected PMOS rectifier with 5 kΩ load 
resistance and 100 pF load capacitance .................................................................................... 157 
Figure 4.3-1 Basic half-wave bootstrapping Rectifier (basic BSR) [166] ............................................ 159 
Figure 4.3-2 Practical Half-Wave bootstrapping rectifier .................................................................. 161 
Figure 4.3-3 Waveform of output voltages of basic BSR for peak input voltages from 1  V to 5 V at the 
light load condition .................................................................................................................... 163 
Figure 4.3-4 (From simulation) efficiencies of practical basic bootstrapping rectifier with 5 kΩ load 
resistance and 100 pF load capacitance. The simulated waveforms of output current through the 
switch-PMOS can be seen in Chapter 6. .................................................................................... 163 
Figure 4.3-5 (From simulation) voltages of practical basic bootstrapping rectifier with 5 kΩ load 
resistance and 100 pF load capacitance .................................................................................... 164 
Figure 4.3-6 Waveform of output voltages of basic BSR for peak input voltages from 1 V to 5 V at the 
heavy load condition ................................................................................................................. 165 
Figure 4.3-7 (From simulation) efficiencies of practical basic bootstrapping rectifier with 500 Ω load 
resistance and 100 pF load capacitance. The simulated waveforms of the output current through 
the switch PMOS can be seen in Chapter 6. .............................................................................. 165 
Figure 4.3-8 (From simulation) voltages of practical basic bootstrapping rectifier with 500 Ω load 
resistance and 100 pF load capacitance .................................................................................... 166 
Figure 4.3-9 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
between practical basic bootstrapping rectifier and diode-connected PMOS rectifier ............. 167 
Figure 4.3-10 Measurement setup of the basic BSR ........................................................................... 168 
Figure 4.3-11 Comparison of output efficiency between the basic BSR simulation result and the basic 
BSR experimental result with 5 kΩ Rload and 34 pF Cload ............................................................. 170 
Figure 4.3-12 Comparison of VOUT(RMS) and VCR (VOUT(RMS)/VIN-peak) between basic BSR simulation 
result and basic BSR experimental result with 5 kΩ Rload and 34 pF Cload ................................... 170 
Figure 4.3-13 Comparison of output efficiency between basic BSR simulation result with 2 V pre-set 
bootstrapping capacitor voltage and basic BSR experimental result with 5 kΩ Rload and 34 pF Cload
 ................................................................................................................................................... 171 
Figure 4.3-14 Comparison of VOUT(rms) and VCR (VOUT(rms)/VIN-peak) between basic BSR 
simulation result with a pre-set bootstrapping capacitor voltage of 2 V, basic BSR experimental 
result and diode-connected PMOS Rectifier simulation result with 5 kΩ Rload and 34 pF Cload ... 171 
Figure 4.4-1 Circuit diagram of static gate-control bootstrapping rectifier ....................................... 173 
Figure 4.4-2 Waveform of output voltages of improved static BSR for peak input voltages from 1 V to 
5 V at the light load condition .................................................................................................... 175 
Figure 4.4-3 (From simulation) efficiencies of static gate-control bootstrapping rectifier with 5 kΩ load 
resistance and 100 pF load capacitance. The simulated waveforms of the output current through 
the switch PMOS can be seen in Chapter 6. .............................................................................. 176 
xv 
Figure 4.4-4 (From simulation) output voltages and VCR of static gate-control bootstrapping rectifier 
with 5 kΩ load resistance and 100 pF load capacitance ............................................................ 176 
Figure 4.4-5 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
between static BSR and practical basic BSR at the light load condition .................................... 177 
Figure 4.4-6 (From simulation) efficiencies of static BSR with 500 Ω load resistance and 100 pF load 
capacitance................................................................................................................................ 179 
Figure 4.4-7 (From simulation) output voltages and VCR of static BSR with 500 Ω load resistance and 
100 pF load capacitance ............................................................................................................ 180 
Figure 4.4-8 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
between static BSR and practical basic BSR at the heavy load condition.................................. 181 
Figure 4.4-9 Waveform of output voltages of improved static BSR for peak input voltages from 1  V to 
5 V at the heavy load condition ................................................................................................. 184 
Figure 4.4-10 (From simulation) efficiencies of the improved static gate-control bootstrapping 
rectifier with 500 Ω load resistance and 100 pF load capacitanc. The simulated waveforms of the 
output current through the switch PMOS can be seen in Chapter 6. ........................................ 184 
Figure 4.4-11 (From simulation) voltages and VCR of improved static gate-control bootstrapping 
rectifier with 500 Ω load resistance and 100 pF load capacitance ............................................. 185 
Figure 4.4-12 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
among static BSR, practical basic BSR and the improved static BSR at the heavy load condition
 ................................................................................................................................................... 185 
Figure 4.4-13 Circuit structure of dynamic gate-control rectifier ....................................................... 186 
Figure 4.4-14 Simulated waveforms of 𝑉𝐼𝑁, 𝑉𝑂𝑈𝑇 and 𝑉𝑔𝑀1 in dynamic gate-control rectifier ... 187 
Figure 4.4-15 (From simulation) efficiencies of ideal dynamic gate-control rectifier with 5 kΩ load 
resistance and 100 pF load capacitance .................................................................................... 188 
Figure 4.4-16 (From simulation) voltages of ideal dynamic gate-control rectifier with 5 kΩ load 
resistance and 100 pF load capacitance .................................................................................... 188 
Figure 4.4-17 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
among static BSR, practical basic BSR and ideal dynamic gate-control rectifier at the light load 
condition .................................................................................................................................... 189 
Figure 4.4-18 Full-Wave Gate Cross-Coupled Rectifier with comparators [168] ................................ 190 
Figure 4.4-19 Circuit diagram of the OCDGC rectifier ........................................................................ 191 
Figure 4.4-20 Two typical light-current responses for LEDs [204] ...................................................... 191 
Figure 4.4-21 Typical voltage and current responses for different colours of LEDs [205] .................. 191 
Figure 4.4-22 Phototransistor is basically a photodiode and a bipolar transistor [206] .................... 192 
Figure 4.4-23 Equivalent circuit of a photodiode and its V-I responses under different optical energies 
[207] .......................................................................................................................................... 192 
Figure 4.4-24 Waveform of output voltages of OCDGC rectifier for peak input voltages from 1 V to 5 V 
at the light load condition ......................................................................................................... 194 
xvi 
Figure 4.4-25 (From simulation) efficiencies of OCDGC bootstrapping rectifier with 5 kΩ load 
resistance and 100 pF load capacitance. The simulated waveforms of the current through the 
switch PMOS can be seen in Chapter 6. ..................................................................................... 194 
Figure 4.4-26 (From simulation) output voltages and VCR of OCDGC bootstrapping rectifier with 5 kΩ 
load resistance and 100 pF load capacitance ............................................................................ 195 
Figure 4.4-27 (From simulation) comparison of voltage conversion ratio (VCR) and output efficiency 
among the static gate-control bootstrapping rectifier, the practical basic bootstrapping rectifier 
and the OCDGC bootstrapping rectifier at the light load condition .......................................... 197 
Figure 5.1-1 System diagram of the full proposed magnetic coupling resonance WPT system including 
the magnetic coupling link, the rectifier and the load at the receiver ....................................... 200 
Figure 5.1-2 Equivalent circuit diagram of the proposed WPT system............................................... 201 
Figure 5.2-1 Equivalent circuit diagram for the proposed WPT system with the receiver circuit 
reflected to the primary circuit. R’RX is the reflected receiver coil circuit impedance. ............... 203 
Figure 5.2-2 Equivalent circuit diagram of the proposed WPT system with the magnetic coupling link 
and the receiver impedance matching circuit represented by an equivalent voltage source VIN’ 
and an equivalent resistor 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒. 𝑅′𝑅𝑋 is the receiver equivalent resistance on the primary 
coil. ............................................................................................................................................ 204 
Figure 5.2-3 (Left) full circuit diagram of receiver coil circuit with reflected voltage 𝑉𝐼𝑁𝐷 and 
impedance 𝑅′𝑃𝑟𝑖 of primary coil circuit; (right) equivalent circuit diagram with the matched 
rectifier impedance represented by resistor 𝑅′𝑅𝑒𝑐. .................................................................. 205 
Figure 5.2-4 Induced RMS voltage on RX coil in the full system in air and in human tissue in 20  cm 
transfer distance with turn number NRX from 1 to 250. ............................................................ 207 
Figure 5.3-1 Normal L-section impedance matching circuit ............................................................... 210 
Figure 5.3-2 Reverse L-section impedance matching circuit .............................................................. 211 
Figure 5.3-3 Rectifier input voltage 𝑉𝑅𝑒𝑐 versus rectifier input resistance 𝑅𝑅𝑒𝑐. Pin-Rec means the 
input power to the rectifier. The horizontal lines are the minimum working voltages of OCDGC 
rectifier and static BSR rectifier. ................................................................................................ 213 
Figure 6.1-1 Illustrative block diagram for the wireless signal transfer scheme ................................ 219 
Figure 6.2-1 Block diagram for a one-port network and a two-port network;a1 and b1  are the incident 
wave and the reflected wave of port 1; a2 and b2 are the incident wave and the reflected wave of 
port 2 [186] ................................................................................................................................ 221 
Figure 6.2-2 Block diagram of a one-port network with terminal voltage V and current I, a1 is the 
forward wave and b1 is the reflected wave [186] ...................................................................... 222 
Figure 6.2-3 Block diagram for the network analyser ........................................................................ 223 
Figure 6.3-1 Circuit diagram of the wireless power transfer system including the coupling coil circuit, 
the primary coil circuit and the power receiver coil circuit ........................................................ 224 
Figure 6.3-2 (Left) equivalent circuit of the wireless power transfer system with the impedance of the 
power receiver coil circuit reflected to the primary coil circuit; (right) equivalent circuit of the 
xvii 
wireless power transfer system with the impedance of the primary coil circuit reflected to the 
coupling coil circuit .................................................................................................................... 225 
Figure 6.3-3 Equivalent circuits of the wireless power transfer system with an L-section impedance 
matching circuit; (left) the impedance of the primary coil circuit reflected to the coupling coil 
circuit; (right) the impedance at the output terminal of the impedance matching circuit 
converted to its input terminal .................................................................................................. 228 
Figure 6.4-1 Calculated ratio (|S11|1/ |S11|2) in dB with |S11|1 of on-state receiver  and |S11|2 of off-state 
receiver in a range of transfer distance from 0 m to 0.2 m with the chosen parameters of the 
transmitter coils and the receiver coil with no impedance matching at the coupling coil circuit; 
the magnitude of |S11|1 is 0.5. (Dash lines) the whole transfer path with conductive human-
tissues; (solid lines) the whole transfer path in air or non-conductive human-tissues. ............. 233 
Figure 6.4-2 Calculated ratio (|S11|1/ |S11|2) of the |S11| with the on-state receiver (|S11|1) and the |S11| 
with the off-state receiver (|S11|2) in dB in a range of transfer distance from 0 m to 0.2 m with 
different |S11|1 values with the chosen parameters of the transmitter coils and the receiver coil 
with no impedance matching at the coupling coil circuit; the number of turns is 200. (dash lines) 
the whole transfer path with conductive human-tissues; (solid lines) the whole transfer path in 
air or non-conductive human-tissues ........................................................................................ 235 
Figure 6.4-3 Calculated value of |S11|2 in dB in a range of transfer distance from 0 m to 0.2 m with the 
chosen parameters of the transmitter coils and the receiver coil with impedance matching at 
the coupling coil circuit; (dash lines) the whole transfer path with conductive human-tissues; 




List of tables 
Table 1.1-1 Limitations and requirements of the implanted microsystem ............................................. 2 
Table 2.3-1 Range of distance for different kinds of fields ................................................................... 66 
Table 2.3-2 Properties of Electromagnetic waves in biological media for muscle, skin and tissue of 
high wave content [187][188] ..................................................................................................... 68 
Table 2.3-3 MPEs of magnetic field in RMS for inductive power transfer [144], for general population. 
𝑓𝑀𝐻𝑧1.668means the value of frequency in MHz unit to the power of 1.668........................... 71 
Table 2.3-4 BRs for frequencies between 100 kHz and 3 GHz [144] ..................................................... 71 
Table 3.1-1 Symbols and their corresponding components in the transmitter circuit shown in Figure 
3.1-1 ............................................................................................................................................. 76 
Table 3.1-2 List of parameters of the expression ................................................................................. 81 
Table 3.1-3 List of devices used in the experiments. Pictures of the devices are shown in Error! 
Reference source not found.. ....................................................................................................... 83 
Table 3.1-4 List of values for parameters in the calculation ................................................................ 83 
Table 3.1-5 Root-mean-square error (RMSE) and standardised root-mean-square error (SRMSE) 
between the theoretical results and the experimental results for the variable primary coil 
diameters test .............................................................................................................................. 84 
Table 3.1-6 RMSE and SRMSE between the theoretical results and the experimental results for the 
variable primary coil gap interval test ......................................................................................... 85 
Table 3.1-7 RMSE and SRMSE between the theoretical results and the experimental results for the 
variable primary coil turn test ..................................................................................................... 86 
Table 3.2-1 List of parameters in the theoretical model for generated magnetic field strength in 
Section 3.1.3 ................................................................................................................................ 89 
Table 3.2-2 Dimensional parameters of the solenoid coil that are investigated .................................. 89 
Table 3.2-3 List of values for other parameters in the simulations ...................................................... 90 
Table 3.2-4 Optimum diameter values for different transfer distances with number of coil turn NPri = 4 
and 8, gap interval 𝑝 = 1 cm and input voltage 𝑉𝐼𝑁 = 1 VRMS ...................................................... 91 
Table 3.2-5 Optimum diameter values for different numbers of coil turn with the transfer distance = 
10 cm, the gap interval 𝑝 = 1 cm and the input voltage 𝑉𝐼𝑁 = 1 VRMS ......................................... 93 
Table 3.2-6 Optimum diameter values for different gap intervals 𝑝 with the transfer distance = 10 cm, 
the number of coil turn 𝑁𝑃𝑟𝑖 = 4 and the input voltage 𝑉𝐼𝑁 = 1 VRMS ........................................ 94 
Table 3.2-7 Optimum number of the primary coil turns for the analysed transfer distances in Figure 
3.2-7 ........................................................................................................................................... 100 
Table 3.2-8 Conditions and targets for the design of transmitter ...................................................... 101 
Table 3.2-9 List of parameters used in the simulations ...................................................................... 109 
Table 3.2-10 Optimum dimensional parameters of primary coil for transfer distances ranging from 4  
cm to 20 cm with operational frequency at 8 MHz, with predicted SRF and generated magnetic 
field strength at the distance with 1 VRMS input ......................................................................... 110 
xix 
Table 3.2-11 Impedance matching network component values and calculated coupling coil equivalent 
values ......................................................................................................................................... 111 
Table 3.3-1 Symbols and their corresponding names in the circuit in Figure 3.3-2 ............................ 119 
Table 3.3-2 Corresponding output power of receiver coil at the number of turns with different coil 
diameters with gap interval = 0.1 mm, wire diameter = 0.1 mm, operational frequency = 8 MHz 
and magnetic field = 1.5 A/m..................................................................................................... 123 
Table 3.3-3 Corresponding output power of receiver coil at the magnetic field strengths with different 
coil diameters with gap interval = 0.1 mm, wire diameter = 0.1 mm, operational frequency = 8 
MHz and 100 turns .................................................................................................................... 125 
Table 3.3-4 Corresponding output power of receiver coil at the gap invervals with different wire 
diameters with magnetic field strength = 1.5 A/m, coil diameter = 2 mm, operational frequency 
= 8 MHz and 100 turns ............................................................................................................... 126 
Table 3.3-5 Material properties for the material K1 from TDK Group Company [203] ...................... 132 
Table 3.3-6 (From calculation) comparison of induced voltages and output powers at two different 
magnetic field strengths between the ferrite-core coil and the air-core coil ............................ 134 
Table 3.3-7 (From calculation) RMS induced voltage on the coils with the three diameters at the three 
numbers of turns and their ratios .............................................................................................. 134 
Table 3.3-8 (From calculation) output power from the coils with the three diameters at the three 
numbers of turns and their ratios .............................................................................................. 134 
Table 3.3-9 Conditions and targets for the design of receiver circuit ................................................. 140 
Table 4.2-1 (From simulation) maximum output voltage 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥), forward voltage drops across 
the PMOS M1 𝑉𝐷𝑟𝑜𝑝 and the ratio of forward voltage drops over peak input voltages 
𝑉𝐷𝑟𝑜𝑝/𝑉𝐼𝑁 at different input voltages .................................................................................... 158 
Table 4.3-1 Device used in the measurement .................................................................................... 168 
Table 4.4-1 (From simulation) output voltages for practical basic bootstrapping rectifier and static 
gate-control bootstrapping rectifier at input voltages of 4.5 Vpeak and 5 Vpeak at the light load 
condition .................................................................................................................................... 177 
Table 4.4-2 (From simulation) output efficiencies and output voltages of the practical basic 
bootstrapping rectifier and static gate-control bootstrapping rectifier at input voltages of 1Vpeak, 
1.5Vpeak and 2Vpeak at the light load condition ........................................................................... 178 
Table 4.4-3 (From simulation) output efficiencies and output voltages of practical basic BSR and static 
BSR at input voltages of 3 Vpeak, 3.5 Vpeak, 4 Vpeak, 4.5 Vpeak and 5 Vpeak at the heavy load condition
 ................................................................................................................................................... 181 
Table 4.4-4 (From simulation) output efficiencies and output voltages of practical basic bootstrapping 
rectifier and static gate-control bootstrapping rectifier at input voltages of 1 Vpeak, 1.5 Vpeak, 2 
Vpeak, and 2.5 Vpeak at the heavy load condition ......................................................................... 182 
Table 4.4-5 (From simulation) 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference, 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference and their ratio 
between the OCDGC bootstrapping rectifier and the static gate-control bootstrapping rectifier 
at the input voltage range between 2 Vpeak and 5 Vpeak ............................................................. 196 
xx 
Table 4.4-6 (From simulation) 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference, 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference and their ratio 
between the OCDGC bootstrapping rectifier and the static gate-control bootstrapping rectifier 
at the input voltage range for 1 Vpeak and 1.5 Vpeak .................................................................... 196 
Table 5.1-1 Symbols and components in the circuit diagram............................................................. 201 
Table 5.2-1 Parameters of the full WPT system ................................................................................. 206 
Table 5.2-2 Comparison of values of reflected impedance from primary coil to receiver coil 𝑅′𝑃𝑟𝑖 and 
RX self-resistance 𝑅𝑅𝑋 in different turn numbers in air ............................................................ 207 
Table 5.2-3 Rectifier equivalent resistance 𝑅′𝑅𝑒𝑐 in different turn numbers in air and in human tissue
 ................................................................................................................................................... 208 
Table 5.2-4 Output power of RX coil 𝑃𝑂𝑈𝑇_𝑅𝑋 in different turn numbers in air and in human tissue
 ................................................................................................................................................... 208 
Table 5.3-1 Rectifier input resistance 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 for each 𝑁𝑅𝑋 to meet the RMS minimum working 
voltages 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛 of the rectifiers. 1.06 V for OCDGC rectifier and 0.707 V for static BSR 
rectifier. ..................................................................................................................................... 214 
Table 5.3-2 Predicted PDL for different 𝑁𝑅𝑋, different rectifier and in two different media with the 
input resistance 𝑅𝑅𝑒𝑐 range. For each 𝑁𝑅𝑋, the first row is for OCDGC in light load condition; 
the second row for static BSR in light load condition; the third row for static BSR in heavy load 
condition. The efficiency of the rectifier is as shown in Figure 4.4-3, Figure 4.4-10 and Figure 
4.4-25......................................................................................................................................... 215 
Table 6.4-1 Parameter values for the wireless power transfer system .............................................. 233 
Table 6.4-2 Calculated ratio (|S11|1/|S11|2) in dB for different media and number of turns at 20 cm 
transfe distance and 10 cm transfer distance for coupling coil circuits with no impedance 
matching. The percentage number in the bracket is the calculated ratio of the |S11| ratio in dB 
over the |S11|1 dB value, which is equal to 20log10(0.5)=-6.02; the signal level is equal to the dB 
value of (|S11|2-|S11|1)/|S11|1. ....................................................................................................... 234 
Table 6.4-3 Calculated ratio (|S11|1/ |S11|2) in dB for different media and different |S11|1 at 20 cm 
transfe distance and 10 cm transfer distance for coupling coil circuits with no impedance 
matching. The percentage number in the bracket is the ratio of the |S11| ratio in dB over the 
corresponding |S11|1 dB value; the signal level is equal to the dB value of (|S11|2-|S11|1)/ |S11|1. 236 
Table 6.4-4 Calculated |S11|2 in dB for different media and number of turns at     20 cm transfer 
distance and 10 cm transfer distance for coupling coil circuits with impedance matching ....... 238 
  
xxi 
Acronyms and abbreviations 
3-D 3-Dimentional 
AC Alternating Current 
BR Basic Restriction 
BSR Bootstrapping Rectifier 
DC Direct Current 
DUT Device Under Test 
EM Electromagnetic 
EMI Electromagnetic Interference 
FEA Finite Element Analysis 
FOM Figure of Merit 
FSK Frequency Shift Keying 
IMD Implantable Medical Device 
IMPACT Implantable Microsystems for Personalised Anti-Cancer Therapy 
LED Light Emission Diode 
LSK Load Shift Keying 
MCU Micro-Controlled Unit 
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor 
MPE Maximum Permissible Exposure 
OCDGC Opto-Coupled Dynamic Gate-Control 
PDL Power Delivered to Load 
PMOS P-type Metal-Oxide-Semiconductor 
PSK Phase Shift Keying 
PTE Power Transfer Efficiency 
PWM Pulse Width Modulation 
PZT Piezoelectric Transducer 
RF Radio Frequency 
RFID Radio Frequency IDentification 
RMS Root Mean Square 
RMSE Root-Mean-Square Error 
SAR Specific Absorption Rate 
SNR Signal to Noise Ratio 
SRF Self-Resonant Frequency 
SRMSE Standard Root-Mean-Square Error 
TDE Time-Delay Induced Electric-Field 
xxii 
VCR Voltage Conversion Ratio 
WPDT Wireless Power and Data Transfer 





Aeff Effective area of a single turn of coil 
B Magnetic flux density 
Bz Magnetic flux density in z direction 
C Capacitance 
c Speed of light in free space (299,792,458 m/s) 
CAF Axial field capacitance at a solenoid coil 
Cext External variable capacitor to connect to a coil to resonate 
CFF Fringe field capacitance at a solenoid coil 
CLoad Load capacitor 
CM Capacitor at impedance matching circuit at coupling coil circuit 
CMR Capacitor at impedance matching circuit at receiver circuit 
Cpr-eq Equivalent parasitic capacitance 
CPrimary Tuning capacitor at primary coil circuit 
CResonant Capacitor connected to a coil for resonance 
CRx Receiver coil self-capacitance 
Dfc Demagnetising factor of a cylindrical ferrite core 
Dfe Demagnetising factor of an ellipsoid ferrite core 
dl Infinitesimal length 
Dloop Diameter of coil 
Dpri Diameter of primary coil 
DRx Diameter of receiver coil 
DTx Diameter of transmitter coil 
dwire Diameter of wire of a coil 
E Electric field strength 
EC Energy stored in a capacitor 
ECON Control energy loss of a rectifier 
EFOR Forward energy from input to output of a rectifier 
Eheat Heat loss of a rectifier 
EIN Input energy of a rectifier 
EL Energy stored in an inductor 
Eleak Leakage loss of a rectifier 
Eother Other energy loss of a rectifier 
EOUT Output energy of a rectifier 
EREV Reverse energy from output to input of a rectifier 
f frequency 
G Ratio between source output power with off-state receiver and power 
with on-state receiver  
G1 Ratio between powers with no impedance matching circuit at cou-
pling coil circuit 
G2 Ratio between powers with an impedance matching circuit at cou-
pling coil circuit 
GND Ground 
h Transfer distance between transmitter coil and receiver coil 
H Magnetic field strength 
hNPri Transfer distance between NPri turn of primary coil and receiver coil 
Hz Magnetic field strength in z-direction 
I Current 
i(t) Instantaneous current 
i'Couple Current at coupling coil 
I'Primary Current at primary coil with an impedance matching circuit at cou-




Maximum primary coil current with an impedance matching circuit at 
coupling coil circuit 
I0 Current amplitude 
I0(x) Modified Bessel’s function of first kind 
I1(x) Modified Bessel’s function of second kind 
iCTL(t) Instantaneous current flowing to control circuit of a rectifier 
iCouple Current at coupling coil circuit 
ids(t) Instantaneous current flowing from drain to source of a MOSFET 
iFOR(t) Forward current flowing from input to output of a rectifier 
iIN(t) Instantaneous input current to a rectifier 
IN- Negative input port 
IN+ Positive input port 
iOUT(t) Instantaneous output current to a rectifier 
IPrimary Current at primary coil 
IPrimary(max) Maximum primary coil current 
iREV(t) Reverse current flowing from output to input of a rectifier 
J Current density 
K0(x) Modified Bessel’s function of first kind 
K1(x) Modified Bessel’s function of second kind 
kL Nagaoka’s coefficient 
kloop Coil coefficient 
L Self-Inductance of coil 
LCouple Inductor of coupling coil 
lloop Length of coil 
LM Inductor at impedance matching circuit at coupling coil circuit 
LMR Inductor at impedance matching circuit at receiver coil circuit 
LResonance Resonant inductor 
lwire Length of wire of a coil 
M Mutual-inductance 
m0 Product of loop current and loop area 
N Number of turns 
Npri Primary coil number of turns 
NRx Receiver coil number of turns 
P Real power 
p Coil gap interval 
p(t) Instantaneous real power 
pIN(t) Instantaneous input real power of a rectifier 
PLoad Load power 
POUT Output real power 
pOUT(t) Instantaneous output real power of a rectifier 
Q Quality factor 
r Vector distance 
R Resistor 
R’Couple Reflected coupling coil resistance 
R’Pri Reflected primary coil resistance 
R’Receiver Reflected receiver circuit resistance 
R’Source Equivalent source impedance at output of impedance matching cir-
cuit 
R0 Characteristic resistance of a solenoid coil 
RAC_couple AC resistance of coupling coil 
RAC_primary AC resistance of primary coil 
RAC-coil AC resistance of coil itself 
Rcore AC resistance caused by core of coil 
RCouple Total resistance of coupling coil 
RLoad Load resistor 
RLoss Equivalent heat-loss resistor 
Rpr-eq Equivalent parasitic resistance 
xxv 
RPrimary Total resistance of primary coil 
RRad Equivalent radiation resistor 
RRX Receiver coil resistance 
RX Receiver 
S11 Reflection coefficient at port 1 at a network 
Seff Total effective area of surface 
TX Transmitter 
uhx Nominal velocity 
uhx/c Nominal velocity factor 
v(t) Instantaneous voltage 
V0 Voltage amplitude 
VAC_IN AC input voltage of rectifier 
VCAP Voltage at Bootstrapping capacitor at BSR rectifier 
VDC DC voltage 
VDC_OUT DC output voltage of rectifier 
VDD DC voltage of power source or output voltage of a rectifier 
vds(t) Instantaneous voltage between drain and source of a MOSFET 
VFWD Forward voltage drop across a diode or a switch MOSFET of a recti-
fier 
Vg Gate voltage of switch MOSFET of a rectifier 
VIN Input voltage 
VIN Input voltage of a rectifier 
vIN(t) Instantaneous input voltage to a rectifier 
VIN’ Input voltage at coupling coil after impedance matching circuit 
VIND Induced voltage on coil 
VLoad Load voltage 
VOUT Output voltage 
VOUT(avg) Average value of output voltage of a rectifier 
VOUT(max) Maximum value of output voltage of a rectifier 
VOUT(min) Minimum value of output voltage of a rectifier 
VOUT(rms) Root-mean-square value of output voltage of a rectifier 
vOUT(t) Instantaneous output voltage to a rectifier 
Vpeak Peak voltage 
Vprimary Voltage at primary coil 
Vrms Root-mean-square voltage 
Vsg Voltage between source and gate of switch MOSFET of a rectifier 
VSource Voltage of power source 
Vth Threshold voltage of MOSFET 
W(x) Ollendorff’s function 
?⃗? Unit vector in the x-direction 
Xtot Total reactance 
?⃗? Unit vector in the y-direction 
𝑧 Unit vector in the z-direction 
Z Impedance 
Z* Complex conjugate of impedance 
ZCouple Impedance at coupling coil 
ZPrimary Impedance at primary coil 
ZRec Rectifier input impedance 
 
Greek letter 
𝛼 Attenuation constant 
𝛽 Phase constant 
𝛿 Skin depth 
𝜆 Wavelength 
xxvi 
𝜆0 Wavelength in free space 
𝜆𝑔 Wavelength in media 
Ξ Skin effect factor 
𝜌 Resistivity of a material 
𝛹 Pitch angle between wire and cross-section of coil 
 Dielectric permittivity of a material 
0 Dielectric permittivity of free space (8.854× 10
−12 𝐹/𝑚) 
𝑖 Relative dielectric permittivity of internal material 
𝑟 Relative dielectric permittivity of a material 
𝑟𝑎𝑑 Relative dielectric permittivity of radial propagation 
𝑥 Relative electric permittivity of external material 
𝜎 Electric conductivity 
𝜑 Phase of instantaneous voltage or instantaneous current 
𝜓 Magnetic flux 
𝜙 Angular displacement 
𝜂 Efficiency 
𝜂𝐶𝑇𝐿 Efficiency of loss caused by control loss 
𝜂𝑑𝑖𝑜𝑑𝑒 Efficiency loss caused by diode of a junction-diode rectifier 
𝜂𝐹𝑊𝐷 Forward efficiency of a rectifier 
𝜂ℎ𝑒𝑎𝑡 Efficiency of loss caused by heat loss 
𝜂𝑜𝑡ℎ𝑒𝑟 Efficiency loss caused by other energy loss 
𝜂𝑂𝑈𝑇 Efficiency between output and input of a rectifier 
𝜂𝑅𝐸𝑉 Efficiency loss caused by reverse energy loss 
𝜂𝑡𝑜𝑡 Total efficiency 
𝜇 Magnetic permeability of core of a coil 
𝜇0 Magnetic permeability of free space (4π × 10
−7 𝐻/𝑚) 
𝜇𝑟 Relative permeability of core of a coil 
𝜇𝑟′ Real component of complex magnetic permeability of ferrite 
𝜇𝑟′′ Imaginary component of complex magnetic permeability of 
ferrite 
𝜇𝑟−𝑒𝑓𝑓 Effective relative permeability of a ferrite core 

























Implanted electronic devices are increasingly being used in medical treatment and 
diagnostics. Wireless power transfer (WPT) is a desirable option for powering such 
devices as it removes the requirement for batteries or subcutaneous wiring, avoiding 
the risk of infection or chemical battery leakage. This has distinct advantages for the 
safety and convenience of patients, potentially extending the life of the implanted 
device and reducing the need for further surgical intervention. WPT also allows, in 
principle, larger numbers of sensors to be implanted, which is crucial to provide rich 
3D information for the clinicians involved in therapy. Multiple sensors become very 
inconvenient (and generally impossible) with wiring. 
In recent decades, WPT has been used in a wide range of implantable medical 
devices (IMDs), for cochlear [1][2][3], cardiac [4]-[7], retinal [8]-[23], spinal [24][25], 
cortical [26]-[33], and peripheral implants [34]-[46]. Meanwhile, many wireless power 
capsule-dedicated implants have been developed for biopsy [47]-[52], therapy [53], 
locomotion [54]-[57] and visual prostheses [58]-[63] applications. 
Implants are becoming smaller, and the implanted positions are becoming deeper 
within the patient’s body, while the required power remains largely unchanged. 
Increasingly, there is a requirement for data transmission alongside the wireless 
power transfer, for real-time medical diagnostics and monitoring in neural implants 
and biopsy implants [33][53]-[56][64][65]. 
With the development of WPT technologies, different techniques have been used to 
power medical implants. These include power transfer using electromagnetic (EM) 
energy, such as magnetic coupling (also called inductive coupling or near field 
coupling) and EM wave transfer (far-field transfer), as well as power transfer using 
mechanical energy methods, such as ultrasonic. These technologies each have their 
own advantages and disadvantages and are best suited to different situations. A 







In the “Implantable Microsystems for Personalised Anti-Cancer Therapy” (IMPACT) 
project at Edinburgh University [66], an implantable integrated chip has been 
developed for real-time sensing of tumour hypoxia. With these implantable chips 
inside the patient’s body, a real-time 3-dimensional (3-D) image model for hypoxic 
tumour cells can be built, which allows radiotherapy-resistant cells, largely those in a 
hypoxic (oxygen-starved) state to be given a greater dose than “normal” cancer cells 
[66]. 
While the microsystem could be powered with wire connections, wireless powering is 
a preferable option because of the reduced infection risk, the reduced impact on 
patients’ everyday life and the ultimate aim of multiple sensors.  
The operation of the IMPACT microsystem has the following limitations and 
requirements: 
Requirement Limitations Reasons 
Cross-section 
diameter 
No more than 2 mm Needle diameter restriction 
Length no more than 5 cm Chip physical robustness 
Maximum implantation 
depth 
20 cm from skin For average size people 
Power requirement 1 mW For operation of active sensors 
Data transmission Up-flow data with at 
least 1 byte/s 
Adequate for sensor data 
collection and for minimal 
power consumption 
Table 1.1-1 Limitations and requirements of the implanted microsystem 
Unlike other wireless power implants, whose sizes are from a few centimetres (e.g. 
capsule) to a few decimetres (e.g. pacemaker), the IMPACT microsystem has a cross-
section diameter of no more than 2 mm. Moreover, as introduced in Section 1.2, most 
of the WPT systems are designed for a transfer distance less than 10 cm. The 
IMPACT system, however, needs to have a transfer distance up to 20 cm. 
To meet the requirements of the IMPACT microsystem, this thesis aims to examine 
the hypotheses that: 
 
• Power of more than 1 mW can be received by the microsystem inside a 
human body through a wireless magnetic coupling link with a receiver of a 
diameter less than 2 mm from a transfer distance as much as 20 cm. 
• Data can be transmitted wirelessly from the microsystem to an external 




To explore the different possibilities to meet the above requirements, a literature 
review and a discussion of different options for wireless power and data transfer for 
medical implants are carried out in Section 1.2. 
1.2 Literature review and options for wireless power and data 
transfer for medical implants 
1.2.1 Introduction 
Wireless power and data transfer (WPDT) for medical implants can be achieved in 
many different ways.  
In terms of power transfer, the most commonly used ways are 
• Magnetic coupling resonance  
• Ultrasonic wave  
• EM mid field and far field radiation 
There are also other, less common, approaches. They are 
• Capacitive coupling 
• Environmental power harvesting 
• Near-infrared light 
In terms of data transfer, there are two different methods  
• Single carrier frequency, which applies the principle of radio frequency 
identification (RFID) 
• Multiple carrier frequencies, which applies the principle of radio frequency (RF) 
antennas 
In the following section, the two methods of wireless data transfer for medical implants 
are discussed in Section 1.2.2. The different methods for wireless power transfer are 
then discussed. 
1.2.2 Wireless data transfer with wireless power transfer 
1.2.2.1 Wireless power and data transfer with single carrier 
(1) What is single carrier frequency? 
In a wireless power and data transfer system, “single carrier” means that the data 
transfer system shares the same frequency as the wireless power transfer system. 
The data are sent by adjusting the electrical power, which is the “carrier” that links the 
transmitter and the receiver. In this way, the data transfer and the power transfer are 
interfering with each other. A single carrier wireless power and data transfer system 
works on the same principle of passive radio-frequency identification (RFID) systems, 
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which is a method for out-of-sight identification, where a reader activates a mobile 
data carrier (e.g. a tag or a transponder) by transmitting RF power to it and receive 
the data stored in it by backscattering method [67][68]. An RFID system modulates 
signals with frequency shift keying (FSK) or load shift keying (LSK). 
(2) How does a single-carrier wireless power and data transfer system work? 
A near-field passive RFID system is shown in Figure 1.2-1. In the system, the 
inductive RFID reader generates power and data, which are transferred to the receiver 
(RFID tag) through the Transmitting (TX) and Receiving (RX) coupling coils. The tag 
receives the power and sends data back to the reader by switching a MOSFET (Metal-
Oxide-Semiconductor Field-Effect Transistor) (the load modulator) ‘on’ and ‘off’ to 
achieve LSK. The MOSFET can also connect to a capacitor, which changes the 
receiver resonance frequency when switched ‘on’ and ‘off’ to achieve FSK. When the 
load impedance or the resonance frequency of the RX coil is changed, the power 
delivered from the TX coil changes accordingly. The reader detects this change of 
power and reads out the data from the tag. 
 
Figure 1.2-1 Block diagram of a passive near-field magnetic coupling RFID system 
[69] 
(3) Advantages and Disadvantages 
Similar to a passive RFID system, the wireless power and data transfer with a single 
carrier has the following advantages: 
• Simple system complexity 
• Low power requirement in data modulation 
However, it also has the following disadvantages: 
• Interference between data transfer and power transfer reduces energy 
transfer efficiency in a unit period 
• Low data rate 
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As discussed, the wireless power and data transfer system with a single carrier shares 
the same pair of coupling coils as the wireless power transfer system. Besides the 
data coding logic (in the tag logic), which is needed in every system that requires data 
transfer, the only required component for the data transfer with a single carrier is the 
load modulator MOSFET (and a capacitor for FSK). Therefore, the system complexity 
is very low, and the power consumption is minimal compared with other methods.  
However, for LSK, the data transfer in the system is achieved by adjusting the working 
state of receiver, which changes the transferred power at the receiver. The data 
transfer will, therefore, inevitably reduce the total transferred energy in a period of 
time. This effect can be minimised by proper coding of data to limit the time when the 
load modulator MOSFET is switched on. For FSK, this problem is less troublesome, 
because the reader can generate power of the same frequency as the RX coil 
resonance frequency when the receive coil load modulator is in the on-state. However, 
this will add complexity to the reader. 
The other disadvantage related to a single-carrier wireless power and data transfer 
system is the low data rate, which is constrained by the operational frequency of the 
wireless power transfer system. This is because the symbol rate of a signal cannot be 
more than half of the carrier frequency, according to the Nyquist–Shannon sampling 
theorem [70]. Because the operational frequency is determined by the design of the 
wireless power transfer system, the data rate will inevitably be limited. However, this 
is not a major issue in the application that motivates this thesis, as is discussed in 
Section 1.1. 
(4) Application range 
From the discussion above, the wireless data transfer with a single carrier is most 
suitable to use in near-field wireless power transfer systems where the power budget 
is limited, and a low data rate can be accepted. The IMPACT microsystem is within 
this application range, as the requirements shown in Table 1.1-1. 
(5) Examples 
Much research has been conducted on wireless data transfer with a single carrier. 
A data rate ranging from 1 kbps to 1 Mbps is normally achieved with such a wireless 
power transfer system. In [71], the wireless power and data transfer system is tested 
at a transfer distance up to 5 cm. LSK is applied in the uplink data transfer, and a 4 
Mbps data rate is achieved with a centre frequency of 25 MHz. In [72], with the 
application of LSK, the system achieves 1 Mbit/s data rate in a 1 cm transfer distance 
with a power frequency of 8.4 MHz. In [73], the wireless power and data system works 
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in a range between 7 mm to 15 mm. A pseudo pulse width modulation is applied with 
LSK, and 3.3 kbps data rate is achieved with power transfer frequency being 1 MHz. 
In [74], with a power transfer frequency of 13.56 MHz, 500 kbps data rate is achieved 
based on LSK. The LSK is also used in systems with higher frequencies. With a power 
transfer frequency of 1.32 GHz, [75] achieves a higher data rate of 2 Mbps with low-
depth LSK modulation. In recent years, developments have been made to improve 
the data rate of single-carrier data transfer, in [76], both the data rate issue and energy 
efficiency reduction issue are solved with a modulation scheme called Cyclic On–Off 
Keying, where the load modulator MOSFET switches once per cycle when the 
receiver inductor current reaches maximum. With this modulation scheme, 89.2% of 
power transfer efficiency (PTE) is achieved in the wireless power transfer system, and 
6.78 Mb/s data rate is achieved with 13.56 MHz operational frequency. Another way 
to improve data rate is to apply phase shift keying (PSK), which shifts the phase of 
the power wave instead of the amplitude to minimise the effect on power transfer. In 
[77], a new modulation scheme called Passive Phase-Shift Keying is proposed based 
on LSK. This scheme improves the data rate by switching the load modulator only 
when the receiver voltage cross zero. At an operational frequency of 13.56 MHz, 1.35 
Mb/s is achieved with a bit error rate less than 10-5 at a transfer distance between 5 
mm to 15 mm. The energy transfer efficiency, however, drops 6% with the application 
of this technique. Another phase shift keying scheme is the binary phase shift keying 
[78][79]. At a transfer distance of 15 mm, [80] obtains a data rate of 1.2 Mbps at            
10 MHz power frequency with an integrated binary phase shift keying demodulator 
based in a hard-limited Costas loop topology. 
1.2.2.2 Wireless power and data transfer with multiple carriers 
(1) What is a multiple-carrier wireless power and data transfer system? 
A multiple-carrier data transfer system has more than one carrier frequency, with each 
carrier frequency dedicated either to transfer power or to communicate data. Normally, 
each carrier has its own wireless link to avoid interference, but with careful design, 
they can also share the same link to reduce the size of implants.  
(2) How does it work? 
Typical block diagrams of wireless power and data transfer systems with multiple 





Figure 1.2-2 (Upper) block diagram of a magnetic coupling wireless power transfer 
system with multiple-links for data tranfser, where the upper link is for power 
transfer, the middle link is for forward data and the bottom link is for back telemetry 
[81]; (bottom) block diagram of a single-link magnetic coupling wireless power 
transfer system with multiple carriers [82] 
In the upper diagram, the power transfer link, the forward data transfer link and the 
backward data transfer link each has its own dedicated pair of transceivers. While 
electrical power is transferred wirelessly through the magnetic coupling link L1-L2, the 
forward data is transmitted with FSK modulation through the magnetic coupling link 
L3-L4. The forward data (downlink) is then demodulated and processed in the receiver. 
For backward data telemetry (uplink), the data are sent through RF antennas A1-A2 
after pulse width modulation (PWM). The signals will then be demodulated at the 
external transmitter [81]. In some other wireless power and data transfer systems with 
multiple links, only a downlink or an uplink exists, and the modulation scheme may 
vary. Still, the system structure is similar to the block diagram.  
In the bottom diagram in Figure 1.2-2, the power transfer and the data transfer share 
the same pair of coils but operate in different frequencies [82]. The power wave and 
the data wave then overlap with each other at the primary coil and receiver coil. During 
backward data transfer (from the receiver to the transmitter), the communication cell 
in the receiver modulates the data and couples the data wave with the power wave. 
The backward wave will then be filtered out at the transmitter and demodulated by the 
micro-control unit (MCU). In some other wireless power and data transfer system with 
multiple carriers in a single link, the approaches to coupling and separating the data 
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and power waves may be different, but the process of coupling and separation cannot 
be excluded.   
(3) Advantages and disadvantages 
A wireless power and data transfer system with multiple carriers and multiple links 
has the following advantages: 
• High data rate 
• Flexible for optimisation 
Its disadvantages are: 
• Large receiver size 
• High power consumption on data transfer 
• Magnetic interference between links (for magnetic coupling coils) 
Because the data transfer does not need to share the same carrier as the power 
transfer, the data transfer frequency is independent of the power transfer frequency. 
Therefore, a high data rate can be achieved with a high data transfer frequency. 
Because the data transceivers (antennas) are physically independent of the power 
transceivers (coils), they can be optimised separately to achieve a high quality factor 
in the power transceivers and a wide bandwidth at the data transceivers [63]. This is, 
however, not an essential issue in the application of IMPACT. 
Because of the separate links, the receiver size will inevitably be larger than the 
receiver size with a single link, which may exceed the size limitation of implants. For 
example, the maximum diameter of the implant needle is 2 mm for IMPACT. Also, 
extra power will be consumed to generate the data signals for transmission from the 
receiver in backward telemetry. Moreover, the power carrier will interfere with the data 
signal and lower the signal to noise ratio (SNR) in the communication channel [82]. 
A single-link wireless power and data transfer system with multiple carriers shares 
some features with the multiple-link ones, but it has its own advantages and 
disadvantages.  
Advantages:  
• Moderate data rate 
Disadvantages: 
• High power consumption on data transfer 
• A complex circuit in coupling and separating data signal and power wave 
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The single-link multiple-carrier system also has the advantage of a moderate data 
rate because of the independent carrier for data transfer. However, extra power will 
still be consumed to generate the data transfer carrier and amplify the data signals so 
that it can be coupled with the power wave. This is unfriendly to implants with a low 
power budget for data transfer. Also, the coupling and separation of data signal and 
power wave will add complexity in the circuit and increase circuit sizes.  
(4) Application range 
From the discussion above, a wireless power and data transfer system with multiple 
carriers is most suitable for applications that require a moderate data rate and have a 
large power budget with less concern on the receiver size. The IMPACT system is not 
in this application range. 
(5) Examples 
Multiple carriers have been reported in several outstanding studies of implanted 
medical wireless power systems [83]-[91]. It should be noted that in some multiple-
link systems, some of the carriers will share the same link, while others have separate 
links. For example, in [92]-[96], both the power carrier and the uplink carrier operate 
in the inductive coil link, but a separate RF antenna link has been designed to fulfil 
downlink data transfer. In other studies [81][97]-[100], each carrier has a dedicated 
link. 
A higher data rate than the power frequency has been achieved using multiple-link 
multiple-carrier systems. [99] uses the offset quadrature phase-shift keying to obtain 
a data rate of 4.16 Mbps with 1 MHz power transfer frequency. At 13.56 MHz power 
transfer frequency, [101] achieves a data rate of 20 Mbps with the application of pulse 
harmonic modulation. In some applications, RF antennas are also used to achieve 
even higher data rates. In [87], an impulse-radio ultrawideband transceiver is used, 
which operates at 2.5-5 GHz. In [89], a data rate of 500 Mbps is achieved uplink with 
the application of impulse-radio ultrawideband with a power transfer frequency of 
13.56 MHz. 
As discussed, one of the main problems of a multiple-link system is the strong power 
interference to the data carrier. Several studies have been attempted to minimise the 
magnetic interference between the power link and the data link. In [100], mathematical 
models have been built to analyse the theories behind the magnetic interference. 
Several methods have been put forward to solve the problem. In [87] and [99], 
specially designed coil structures have been reported to reduce the crosstalk between 
two links. Other studies apply special modulation schemes [98]. In [101], pulse 
harmonic modulation is proposed to replace the data carrier with sharp spike pulses, 
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which helps to improve the transfer distance and data link selectivity. However, pulse 
harmonic modulation is proved to lack robustness with interference from the power 
carrier [98]. Moreover, pulse harmonic modulation is unable to transfer power and 
data at the same time. In comparison, Pulse Delay Modulation is an alternative 
scheme, because no power consumption is needed for power interference filtering on 
the RX side, and the robustness is stronger against power interference. In [102], a 
non-coherent Differential Phase Shift Keying modulation scheme is used in the 
transmitter to make the interference cancel each other without filtering when the 
sample differences are taken.  
To avoid large receiver sizes and power carrier interference, single-link wireless 
power and data transfer systems have also been studied [96]. One of the earliest 
studies is in [103]. Instead of using a sine-wave power source for the wireless power 
system, a rectangular wave source is applied, in which 4 switches are turned on and 
off to generate a rectangular wave from a Direct Current (DC) source. Coupling 
inductors are used to couple the data carrier with the power carrier. To avoid 
electromagnetic interference (EMI), the data are transferred only at the non-switching 
period in sync with the rising edge of the rectangular power wave. With a power 
transfer frequency of 50 kHz, a 100 Kbps of data rate is achieved with the setup. A 
similar study is conducted in [82], where ferrite coupling coils are used in filtering out 
the data carrier from the power carrier. To achieve this, the data carrier frequency is 
set to be about 50 times higher than the power carrier frequency. With a power carrier 
frequency of 22.4 kHz, a data rate of 20 kbps is achieved. The drawback of this setup 
is that the data rate is still limited by the power carrier frequency, even though not as 
much as the data rates of single-carrier systems [103]. Another kind of multiple-carrier 
wireless power and transfer system utilises the single-carrier transfer scheme with the 
multiple-carrier transfer scheme for different carriers. In [104], the uplink data transfer 
from receiver to transmitter applies the LSK modulation, while the downlink data 
transfer from transmitter to receiver applies PWM. Because the LSK modulation 
(which changes amplitude) is orthogonal to the PWM (which changes pulse width), 
the interference between the data transfers is much reduced.  
1.2.3 Magnetic coupling resonance power transfer  
The concept of transferring electrical energy without the use of conducting wires is 
almost as old as our understanding of electricity. Michael Faraday discovered that the 
flow of current through a coil of wire could generate a magnetic field and transfer an 
electrical signal [105]. Nikola Tesla developed the use of magnetic resonant coupling 
between coils using high-frequency Alternating-Current (AC) signals to transfer power 
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wirelessly [106][107]. The idea of using this to power IMDs was explored for use in 
artificial hearts in the 1960s [108].  
Figure 1.2-3 shows a block diagram of a magnetic coupling resonance power transfer 
system. A wireless energy transmission system can be divided into two parts: a 
transmitter and a receiver. The transmitter consists of a coupling coil circuit and a 
primary coil circuit. An AC signal is applied to a coupling coil, which generates a 
magnetic field. The coupling coil then couples with the primary coil, which is also 
coupled with the receiver coil (secondary coil) and transfers power to the receiver 
circuit. Power transfer is enhanced when all the coils are tuned with the same 
resonant frequency. This is a non-radiative, near field effect and the maximum transfer 
range is of the order of a few times of the diameter of the transmitter coil. 
 
Figure 1.2-3 Block diagram of the wireless power and communication system for 
medical implants, where FSM is the finite state matchine for control purpose 
In previous works of literature, analytical models have been built to gain insight into 
the performance of the magnetic coupling resonance WPT system [109]-[111]. In 
[110], complete mathematical models for the magnetic resonance coupling coils have 
been built based on the electromagnetic theory. Lateral and angular misalignment 
calculations have been performed for both solenoid coils and printed spiral coils. In 
[111]-[113], models based on circuit theory have been built. In [112], the coupling coils 
are treated as the primary and secondary of a transformer. The calculations of the 
coupling coefficient and mutual inductance become the key to obtain power transfer 
efficiency. The prediction of power transfer efficiency using the transformer model has 























To achieve a high power transfer efficiency (PTE), a careful design of the transmitter 
coil is vitally important. For power transfer frequencies ranging from 100 kHz to            
50 MHz, solenoid coils are normally used as transmitter coils [109][111]-[114][115]. 
However, when size is an issue, printed spiral coils are also commonly used as 
transmitter coils [116]-[120]. Because the PTE of a magnetic coupling resonance 
WPT system is dependent on the physical structure of the transmitter coil, various 
studies have focused on the optimisation of transmitter coils. In [114], four methods 
to optimise a solenoid transmitter coil have been proposed, based on mathematical 
analysis. The methods aim to improve the generated magnetic field strength or the 
coil quality factor with consideration of coil resistance or receiver movement. Another 
method for coil optimisation is based on finite element analysis (FEA) [121][122]. In 
[121], FEA has been applied to design a 200 mm x 300 mm rectangular transmitter 
coil and a 24 mm-diameter receiver coil. A power transfer efficiency of more than 40% 
can be achieved at 5cm transfer distance. In [120], a 3D semi-empirical model has 
been built for the printed spiral coils with consideration of parasitic components. 
Optimisation of coils based on the model achieves 85.8% power transfer efficiency at 
1 cm. 
Besides the design of the transmitter, the PTE of a magnetic coupling resonance WPT 
system is also affected by the number of coils in the system [123]-[125]. In [124], the 
PTEs and the transmitted power of a system with 2 coils, 3 coils and 4 coils have 
been analysed, respectively. It shows that the 3-coil system has the highest power 
transfer efficiency. At a transfer distance of 12 cm, the delivered power of a 3-coil 
system is 1.5 times of the 2-coil system and 59 times of the 4-coil system. In [123], a 
comparison of angular misalignment performances was made between a 2-coil 
system and a 3-coil system. The power transfer efficiency, the voltage gain, and the 
data bandwidth are assessed. The analysis shows that a 3-coil system has more 
tolerance against angular misalignment. With a 3-coil system, an average of 40% 
improvement in PTE and 62.5% in data bandwidth can be obtained. In [111], a 4-coil 
system has been built based on high-Q multi-layer solenoid coils. The PTE of the 4-
coil system is compared with the PTE of a 2-coil system in a transfer distance ranging 
from 0 to 6 cm. The analysis shows that the 4-coil system outperforms the 2-coil 
system in PTE at a transfer distance of more than 20 mm, which shows that the 4-coil 
system has more tolerance than the 2-coil system against the increase of transfer 
distance. 3-coil and 4-coil systems can achieve a better PTE performance than a 2-
coil system with the same transfer distance and coil dimension. 
The receiver coil is also of significant importance in the magnetic coupling resonance 
WPT system. Solenoid coils [111][126]-[128] and planar spiral coils [123]-[125] are 
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most commonly used as receiver coils because they can be built with small sizes and 
fit into the medical implants. The diameter of a receiver coil is often related to the 
power transfer frequency. A higher frequency will result in a smaller receiver coil. In 
[126], a 9 mm-diameter solenoid RX coil has been built to fit in a medical capsule 
endoscope, and the power transfer frequency is chosen to be 16.47 MHz. In [128], 
the operation frequency is 60 MHz with a solenoid RX coil of 4 mm-diameter. A figure 
of merit (FOM) in the design of a receiver coil is the quality factor, which is affected 
by the coil resistance. To reduce the coil resistance, the Litz wire has been analysed 
in [129] in a magnetic coupling resonance WPT system. Using magnetoplated wires, 
the coil resistance is reduced by 40% at 12 MHz, and the quality factor is 
correspondingly increased by 66%. In [115], Litz wires have been used in a 
geometrically orthogonal-3D RX coil to reduce skin effect and proximity effect losses 
between the adjacent coils. The orthogonal-3D RX coil is built to avoid angular 
misalignment issues. The size of the actual RX coil is 10mmx12mm, with a maximum 
received power of 730 mW at 400 kHz operational frequency. In some very small 
implants, ultra-small coils are needed in the receiver. In this case, integrated on-chip 
coils are normally used. These RX coils often work in high-frequency systems (100 
MHz to 1 GHz) and close transfer distances (<1 cm). In [130] and [131], fully integrated 
on-chip planar coils with small areas have been used for neural stimulation and 
interface purposes.  
1.2.4 Ultrasonic wave power  
Wireless power transfer using ultrasonic waves has also received much attention. The 
word ultrasonic refers to the sound wave, which has a frequency higher than 20 kHz, 
which is beyond the range of audio sound. Unlike magnetic power, which is generated 
by metal wires in the form of a coil, ultrasonic power is generated by piezoelectric 
transducers (PZT), which are in the form of solid non-metal materials (such as crystals 
and ceramics) [132]. The theory behind this is called the piezoelectric effect, with 
which piezoelectric materials have a reversible linear electromechanical interaction 
between mechanical vibration and alternative electrical change [133].  
The ultrasonic wireless power transfer most commonly operates at a frequency range 
of 2 MHz and 18 MHz. A demonstrative ultrasonic WPT system is shown in Figure 
1.2-4. As shown, an ultrasonic WPT system for medical implants contains a 
transmitter and a receiver, with a PZT on each side. During operation, the 
piezoelectric transmitter needs to be attached to the skin surface with a matching 
layer between the skin and the transmitter to reduce wave reflection. The piezoelectric 
transmitter then converts the electrical energy from the power source into mechanical 
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waves. The PZT at the receiver then picks up the mechanical waves and converts the 
energy into electrical form, which is then supplied to the load.  
 
Figure 1.2-4 Demonstrative diagram of ultrasonic WPT system [134] 
Compared with the magnetic coupling resonance WPT system, an ultrasonic WPT 
system has the following advantages: 
• The received power is proportional to the area ((DRx/2)2) of the piezoelectric 
receiver instead of (DRx/2)4 in the magnetic coupling resonance WPT system, 
which means the ultrasonic WPT systems are less sensitive to the change of 
receiver size, and smaller receiver can thus be implanted under the same 
power requirement. 
• The mechanical wave power has a (1 𝑟⁄ ) roll-off against transfer distance. In 
contrast, the electromagnetic field power has a (1
𝑟6⁄
) roll-off in the near-field 
region, which means the reduction of mechanical wave power is much “slower” 
than the reduction of an EM field [134]. The roll-off of electromagnetic field 
against transfer distance is discussed in Section 2.3.4.1. 
• The ultrasonic wave becomes omnidirectional at the receiver because of the 
wave reflection. The ultrasonic WPT system is thus less sensitive to angular 
misalignment issues [135].  
An ultrasonic WPT system also has the following disadvantages: 
• The lowest resonance frequency of a PZT is linearly proportional to the 
decrease of thickness, which causes problems at the choice of operational 
frequency when a small device is needed [136]. 
• Prolong exposure of ultrasonic waves and high-density waves may cause 
damage to human tissues. For example, the high intensity focused ultrasound 
has been used in tumour treatment [137]. The ultrasonic power has a tight 
safety regulation instruction to avoid severe heating and cavitation effect. 
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The discussion above shows that the ultrasonic WPT system can be applied in long-
distance wireless power transfer with a relatively low power requirement. It is also 
suitable for the case where the direction of the receiver is not controllable and has 
angular misalignment issues. However, the size-frequency relation and the high 
exposure risk has restricted its use in deep tissue micro-implants. Its suitability for the 
application of IMPACT is unclear.  
Ultrasonic WPT with data transfer has been well studied in recent years. In [138], a 
bi-directional communication link is proposed with an ultrasonic WPT system. In the 
system, two pairs of PZTs are used to transmit power and data separately. Unlike the 
data transfer with magnetic coupling coils, the same frequency is applied for both 
power transfer and data transfer at two different links. The PZT for data transfer is 
directly connected to the power transfer circuit in the receiver circuit. An amplitude 
shift keying modulation scheme is applied, and a FET switch controls the connection 
between the PZT for data transfer and the power circuit. From a transfer distance 
between 7 mm to 100 mm, a data rate as much as 9.6 kbps is obtained with a low 
error rate. In [139] and [140], a downlink data transfer has been built for ultrasonic 
WPT systems. In [140], a phase shift keying modulation scheme has been applied. A 
data rate of 25 kbps is obtained with a centre frequency of 1 MHz. Meanwhile, 4.15 
mW of power can be received with an acoustic power of 112 mW, which is under the 
limit of FDA safety limit. 
1.2.5 EM mid-field and far-field radiation 
The EM wave radiation is commonly used in mobile communication and radar 
systems. The EM mid-field and far-field radiation WPT systems transfer power in the 
form of propagating EM wave. For wireless power transfer systems, the operational 
frequency is mainly from 100 MHz to 2 GHz, and the transfer distance is generally at 
the same order of the wavelength of the EM wave (for mid-field WPT) or much longer 
than the wavelength of EM wave (for far-field WPT).  
The operation of an EM radiation WPT system is similar to the magnetic coupling 
resonance power WPT. The difference is that for the EM radiation WPT, the 
transmitter and receiver are RF antennas instead of coils. The RF antenna theory, 
instead of Maxwell’s equations, are generally used in the analysis of WPT system 
design and power transfer efficiency. 
Compared with the magnetic coupling resonance WPT systems, the advantages of 
EM radiation WPT systems are as follows: 
• Focused EM beam 
• A smaller receiver area 
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• Transferred power proportional to (1
ℎ2⁄
) roll-off 
• Control of field distribution to avoid the excessive heating issue (for mid-field) 
The disadvantages are: 
• Short penetration depth in conductive media 
• Lower maximum regulated power for the human body 
With proper antenna design, the EM wave power from an RF antenna can focus on a 
specific direction. With this advantage, most of the EM power from the transmitter 
antenna of an EM radiation WPT system can be transmitted to the receiver, achieving 
a high PTE. Because most of the EM power is constrained within a small area, the 
receiver antenna does not need a large area to improve PTE. Therefore, a high PTE 
can still be obtained with a small receiver size. According to EM theory, the 
propagating EM wave in the far-field region has a power roll-off of (1
𝑟2⁄
) against 
transfer distance, which means the EM mid-field and far-field radiation WPT systems 
are more suitable for long-range power transfer than EM near-field WPT systems, 
which have a power roll-off of (1
𝑟6⁄
). For an EM mid-field radiation WPT system, both 
reactive field components and radiative field components are used to power the 
receiver antenna [141]. The wave beam from the transmitter antenna can be designed 
to focus on a small area of the tissues so that the heating of tissue is minimised per 
unit transferred energy [142][143].  
Even with the advantages, the application of EM radiation WPT systems is limited by 
its disadvantages. In conductive media, propagating EM waves with a high frequency 
will suffer from a short skin depth (e.g. 10.7 cm for 8 GHz vs 23.8 cm for 8 MHz in 
conductive human tissue). A detailed discussion of this is written in Section 2.3.4. This 
means that the power in the high-frequency EM waves will be dissipated as heat 
rapidly when they enter conductive media. Because some human tissues are 
conductive, the power receiver location for an EM radiation WPT system may need to 
be close to the skin surface to maintain the power delivered to load (PDL), which 
shortens the transfer distance. The power dissipation in conductive media is also the 
cause of heating problems for human tissues. According to the I     td C95.1™-
2005 [144], the maximum regulated power for GHz EM radiation WPT is much lower 
than near-field EM field WPT. Because the IMPACT sensors’ implanted depth can be 
as much as 20 cm, EM radiation is not suitable for the IMPACT system. 
The most outstanding study in the EM radiation WPT in the recent years comes from 
Poon et al. [5][141][142][145]-[149], who basically invented the term “Mid ield WPT”. 
In [145], a full-wave analysis of EM wave in conductive media has been done with a 
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consideration of dielectric relaxation loss at high frequencies. It concludes that the 
optimum frequency for short-range WPT (<1 cm) is at the GHz range, with which the 
receiver size can be 104~106 smaller and the tissue absorption level is the same at 
10 MHz. In [146], a WPT system has been built with an operational frequency of 2 
GHz. In the system, the transmitter is optimised based on multi-layer tissue modelling 
and optimised current distribution on a planar current source. On the receiver side, 
the power transfer efficiency of a dipole-receiver is compared with the efficiency of a 
loop-receiver. Poon’s analytical result reconfirms that the GHz range is the optimum 
operational frequency for a short-range transfer distance. It also shows that the 
optimised transmitter can focus EM power at a small area with greater penetration 
depth than a circular loop. At the same time, the specific absorption rate (SAR) level 
is kept under the regulation limit. Moreover, the dipole-receiver outperforms the loop-
receiver at an operational frequency beyond 2 GHz. The bi-directional data link has 
also been developed. In [5], a specially designed pattern metal plate is tested as a 
transmitter source to power a 2 mm-diameter micro-implant at a transfer distance of 
around 5 cm. Using a 1.6 GHz optimum frequency, a maximum of 2.1 mW is obtained 
with the SAR at the regulated limit. With phase adjustment at the input, real-time 
dynamic focusing can be achieved with the proposed WPT system to address 
misalignment issues. Because of the deep implantation depth (20 cm) required by the 
IMPACT system, “Mid ield WPT” is not suitable for the IMPACT system due to its 
limited transfer range and transferred power. 
With the above discussion, the RF far-field radiation WPT is more suitable for close-
to-skin implants, which have a small area limit (<1 cm-diameter) and require a mediate 
to high amount of power. For mid-field WPT, with the proper design of transmitter 
antenna, the transfer distance can be extended to a few centimetres. However, the 
maximum power is still restricted by the lower regulation limit. 
1.2.6 Other power supply options 
Besides the power supply options discussed in the previous sections, there are other 
options available for wireless power and data transfer for medical implants. However, 
all these options have significant drawbacks that make them unsuitable for the 
application. 
(1) Capacitive coupling 
Capacitive coupling WPT systems transfer energy using electric fields. In the system, 
metal plates are normally used as transceivers, like the coils in the magnetic coupling 
resonance WPT systems. The metal plates in the transmitter and receiver form a 
capacitor, and electrical energy travels through the gap between the plates in the form 
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of alternating electric fields or displacement currents [150]. The most crucial drawback 
of capacitive coupling WPT is its short transfer distance (~1 mm) because of the small 
absolute value of permittivity of human tissue (an order of 10-6 of the absolute value 
of permeability of human tissue) [151]. Moreover, the human tissue is an unideal lossy 
dielectric material. According to the displacement current formula ( 𝐽 = σE ), the 
dissipated heat loss is proportional to the electric field strength, which means the PTE 
is inherently limited by the tissue, and the maximum electric field strength should be 
kept low to avoid tissue heating problems. Secondly, the transceiver metal plates 
should have large sizes and be perfectly aligned face-to-face to maintain a high PTE 
[152][153][154], which is unlikely to achieve for some medical implants. Therefore, 
the capacitive coupling WPT is unsuitable for WPT for medical implants, especially 
deep micro-implants. 
(2) Environmental power harvesting 
Environmental power harvesting for medical implants means that the implanted 
devices obtain energy without an external specialised power source. Energy mainly 
comes from the device’s environment. Three forms of power harvesting methods are 
normally used for medical implants: kinetic, thermal effect and fuel cells.  
For kinetic energy, the power is obtained mainly from the movement of the body or 
organs. For kinetic energy from the body movement, the problem is in the unstable 
power supply. The solution is a large energy storage component in the implants, which 
is what WPT systems try to avoid. For the movement of organs, the kinetic energy 
from the heart is the primary choice. In [155], the kinetic energy converter for quartz 
watches is tested on a dog’s heart to supply energy for an implantable cardiac 
pacemaker. Piezoelectric harvesters are reported in [156] and [157] for the application 
of medical implants. However, let alone the unmeasured additional burden of energy 
harvesters on the heart, the heart kinetic energy harvesters are only suitable for 
implants around the source of kinetic energy (heart). They cannot be used for implants 
in other parts of the body.  
Thermal effect energy is harvested by devices called thermal scavengers, which 
exploits temperature difference in the body to generate voltage potentials [158]. 
However, because the temperature in a human body is within a relatively small range 
(±1 C), the power densities of such devices are minimal [159][160]. 
For fuel cell energy, a similar low power density problem exists. A fuel cell is an 
electrochemical energy source that converts chemical energy from the reaction of 
fuels and oxidant into electrical energy with continuous feeding of both fuels and 
oxidant. For implanted devices, glucose is mostly used as the fuel because of its 
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constant availability inside the human body. In [161], an implantable fuel cell has been 
tested in a dog with a 2.2 μW/𝑐𝑚2 power density. In [162], a glucose fuel cell is 
implanted in grapes with a 430 μW/𝑐𝑚2 power density. It is obvious that the power 
density of a glucose fuel cell is directly related to the density of glucose in the fluid. 
Because of the limited density of fuel reactants in the human body, a low power 
density can be expected for fuel cells in the human body. 
(3) Near-infrared light 
Near-infrared light WPT systems transfer energy through optical links. The 
wavelength of near-infrared light is normally in the range of 600-1300 nm [136]. For 
implanted devices, light emitter diodes (LEDs) or laser diodes are used as transmitters, 
and a large area of photodiode arrays are usually used as the receiver to increase the 
received power [163][164]. The major problem of near-infrared light WPT is the 
attenuation of optical power at the body tissue. Because of its very short wavelength, 
the near-infrared light has a minimal skin depth (<1 mm) in conductive media. 
Therefore, the near-infrared light is only suitable for close-to-skin implants and is 
inefficient in deep micro-implants.  
1.2.7 Options for rectifier in wireless power transfer 
In a WPT system, the rectifier (or AC to DC converter) is a vital component because 
the rectifier’s power conversion efficiency (PCE) directly relates to the overall 
efficiency of the system. It converts the AC power from the receiver coil (for the 
magnetic coupling resonance WPT) to the DC power for the load.  
Conventional rectifiers such as the junction-diode bridge rectifiers (shown in Figure 
1.2-5) are not commonly used in a WPT system because of their high forward voltage 
drop in rectification. To obtain a low dropout voltage, MOSFETs are used to replace 
junction-diodes because the drain-source voltage drop for on-state MOSFET (0.1 to 
0.2 V) is much lower than the voltage-drop at the junction-diode (around 0.7 V). 
Rectifiers with MOSFETs as rectification components are called switch-mode 
rectifiers. The basic idea of the operation is that the MOSFET-switches will turn on 
when the input voltage is higher than the output voltage to allow forward current (from 
source to load); the MOSFET-switches will turn off when the input voltage is lower 
than the output voltage to block backward current (from load to source). To achieve 
this, the design of switch-mode rectifier will focus on the on-off control of MOSFET-
switches. The design challenge will be the balance between the precision of on-off 
control and the power consumption of the control circuit. A higher control precision 
will require a more complex control circuit, which will consume more power than a 
low-precision control circuit. In other words, the increase of power consumption due 
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to higher circuit complexity should be lower than the increase of output power due to 
more precise control.  
 
Figure 1.2-5 Conventional junction-diode rectifier 
One of the most basic switch-mode rectifiers is the self-synchronous rectifier [165], 
which utilises a cross-gate structure to avoid latch-up problems. A circuit diagram is 
shown in Figure 1.2-6. In the circuit, the switches N2 and P1 will turn on when Input-
1 is high, VDD will be equal to Input-1 minus voltage drop on P1, and GND will be 
equal to Input-2 plus voltage drop on N2; when Input-2 is high, N1 and P2 will turn on, 
and the VDD and GND will equal to the same value as Input-1 is high. The problem 
of the synchronous circuit is that the on-off time of the switches is controlled by the 
input voltage, and the on-off time of the switches will not always be at the time when 
VIN and VOUT cross each other. Therefore, the backward current will be high, which 
causes a low power efficiency [114]. In fact, in [165], 65% of rectifier efficiency is 
reported with the load condition unmentioned.  
 
Figure 1.2-6 Circuit diagram of self-synchronous rectifier 
Another basic switch-mode rectifier is the bootstrapping rectifier (BSR) [166], which 
is shown in Figure 1.2-7. Unlike the self-synchronous rectifier, which controls the 
switch-gate with an AC signal, the BSR controls the gate voltage with DC voltage. A 





   
     
     
   
       










Figure 1.2-7 Circuit diagram of a basic BSR [166] 
To improve the precision of switch-gate control in the switch-mode rectifiers, 
comparator-based rectifiers have been reported [31][167]-[169]. A circuit diagram is 
shown in Figure 1.2-8. The idea is to directly compare the input voltage and the output 
voltage using a comparator. When the input voltage is higher than the output voltage, 
the comparator turns on the switches; when the input voltage is lower than the output 
voltage, the comparator turns off the switches. In [31], two high-speed comparators 
are used in a full-wave switch-mode rectifier in a 13.56 MHz wireless power and data 
transfer system. A rectifier efficiency of 80.2% is achieved with 0.43 V rectifier dropout 
voltage. In [168], dynamically self-biased comparators are applied, which don’t need 
a constant power supply for operation. A maximum of 79.5% is achieved with a 1.25 
V input voltage and a load of 100 Ω to 200 Ω resistor and 20nF capacitor.  
There are two problems related to the comparator-based rectifier. The first is the delay 
between the input and the output of the comparators [114], which will cause the 
switches to turn on or off slightly (a few µs) later than the cross point of the VIN and 
VOUT. At high-frequency WPT systems, this delay will become a major limitation of 
the rectifier efficiency. The second is the power consumption of the comparators. In 
WPT systems for deep implants, the received power will be very limited (a few mW), 
which is not enough for the operation of comparators. Therefore, the comparator-
based rectifier is only suitable for WPT systems with a high power budget and 




Figure 1.2-8 Comparator-based switch-mode rectifier [168]  
In Chapter 4, more analysis is done for the rectifier for implanted WPT systems. A 
novel dynamic gate-control rectifier for the proposed WPT system is designed based 
on the BSR.   
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1.3 Thesis outline 
To achieve the aims of the project presented in Section 1.1, wireless power transfer 
with magnetic coupling resonance was chosen because of its relatively long transfer 
distance (>10 cm) and low radiation exposure risk compared with EM wave far-field 
transfer. It also has the advantage over ultrasonic methods of potentially higher power 
transfer levels. In terms of the data transfer, because the required data rate is much 
lower than the target operational frequency of the system, the load shift keying (LSK) 
modulation technique is chosen, so that the power consumption for data transfer can 
be minimised. Because of the relatively small size of the target receiver (DRX=2 mm) 
compared with the transfer distance (up to 20 cm), the received power is expected to 
be very small (a few mW). At these low power levels, the performance of the receiver 
rectifier, in terms of efficiency, operational power and voltage drop, becomes crucial 
to the design. To meet this requirement, active switch rectifiers based on the 
bootstrapping structure are chosen because of their high PCE compared with the 
junction-diode rectifier and their low power requirements compared with the 
comparator-based rectifiers.  
In this thesis, a system model based on magnetic coupling resonance wireless power 
transfer (WPT) is built, which directly links the physical parameters of the system to 
the power delivered to load (PDL). The system model includes a magnetic coupling 
link model (the transmitter model and the receiver model) and a rectifier model, as 
shown in Figure 1.2-3. The models are analysed and verified based on calculation 
results and experimental results. Based on the analysis of the magnetically coupled 
link between the transmitter and the receiver, an optimum design for the system is 
reported for a specific operational frequency and transfer distance. The maximum 
received power in the optimum magnetic link is obtained. Meanwhile, a novel active 
rectifier with high power conversion efficiency is designed. The optimum magnetic link 
model is then analysed with the rectifier model to examine the first hypothesis in 
Section 1.1 that sufficient received power is available to power an implant. 
Moreover, with the application of an active rectifier in the receiver, the load shift keying 
(LSK) modulation scheme is used as an uplink communication method. An analytical 
model for data transfer sensitivity is built based on the theory of network analyser and 
reflection coefficient. The application of LSK to the system is analysed to determine 
whether such a system can give viable communication of information from the implant 




The following chapters are organised as follows: 
• In Chapter 2, the theory of the magnetic coupling resonance WPT is discussed 
and explained. The basic EM laws and related factors and theories that affect 
the magnetic coupling link from the perspective of the physical structure of the 
transmitter coil and receiver coil are analysed. 
• In Chapter 3, a transmitter model and a receiver model are described and 
analysed based on the solenoid structure. Optimum designs of transmitter 
solenoid coils and receiver solenoid coils are presented for a specific 
operational frequency and transfer distance. Design flows for the optimum 
transmitter design and receiver design are also reported. 
• In Chapter 4, the rectifier for the WPT receiver are discussed. The operation 
of a bootstrapping rectifier is analysed. Two novel rectifier designs are 
reported based on the theory of bootstrapping rectifiers. The WPT system 
performance are discussed and compared with the IMPACT device power 
requirement based on the optimum magnetic coupling link and the proposed 
rectifier. 
• In Chapter 5, the full WPT system, including the transmitter, the receiver and 
the rectifier, are discussed. The power delivered to load (PDL) of the full 
system is calculated at a transfer distance of 20 cm for a 2 mm-diameter 
receiver coil. 
• In Chapter 6, the data uplink based on the proposed WPT system is discussed. 
The feasibility of an LSK modulation scheme is analysed with the proposed 
optimum WPT system. The external reader requirement for the data uplink is 
reported. 
• In Chapter 7, a summary of the project is made. The hypotheses mentioned 
in Section 1.1 are re-examined with a conclusion about the contribution of the 
project. Future work is discussed. 
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Chapter 2 Theories for the Magnetic 
Coupling Resonance Wireless Power 
Transfer System for deep implanted 
medical devices 
2.1 Introduction 
A weakly coupled magnetic resonance wireless power transfer system is a system in 
which electrical power is transferred wirelessly in the form of a magnetic field; the 
magnetic field is generated and received by transmitters and receivers which are 
resonating at the same frequency; the presence of receivers will not affect the 
resonance of the transmitters and vice versa. A block diagram of the wireless power 
transfer system is shown in Figure 2.1-1. 
 
Figure 2.1-1 Block diagram of a basic wireless power transfer system 
In the wireless power transfer system for micro-implants, the diameter of implants DRX 
is within 2 mm while the diameter of transmitter DTx can be more than 20 cm, with a 
similar length of separation distance h. Because of the large difference between the 
size of the transmitter and the size of the receiver as well as the large difference 
between the transfer distance and the size of the receiver, the coupling coefficient 
between the transmitter and the receiver is very small. The presence of the receiver 
will not affect the capacitance and inductance of the transmitter and vice versa. In this 
case, the system can be treated as a weakly coupled system. 
In a weakly coupled system, as the coupling coefficient between the transmitter and 
the receiver is very low, the presence of the receiver has little effect on the resonance 
of the transmitter. Therefore, the transmitter and the receiver can be analysed 
separately, and the overall system efficiency is no longer the figure of merit for 
analysis. For the transmitter side, the figure of merit (FOM) is the generated magnetic 
field strength at the surface area where the receiver coil is located. The field strength 

















body. As there is no limitation on the sizes and the input power of the devices in the 
transmitter side, the working efficiency in the transmitter is not a primary consideration. 
For the receiver side, on the one hand, the receiver coil should have a large effective 
area for the maximum magnetic flux through the coil in the restricted cross-sectional 
area; on the other hand, the circuits in the receiver should work with a high efficiency 
so that the load can receive as much energy as possible. 
In the transmitter and the receiver, L-C pairs are used as resonators, of which the 
resonance frequency is tuned to be the same as the operational frequency. The 
inductor or a part of the inductor in the L-C pair will be used as the coil that generates 
the magnetic field for power transfer. 
In this section, the basic laws related to wireless power transfer will be discussed, and 
the resonance of L-C pairs will be analysed using Circuit Theory. The transmitter coil 
model and receiver coil model will then be analysed separately. Based on the models, 




2.2 Basic Laws 
2.2.1 Biot-Savart Law 
Key points of this section 
• A loop of current can generate a magnetic field at a distance. 
• The strength of the generated magnetic field at a point away from the 
loop is decided by the value of current I at the loop, the physical 
structure (shape and size) of the loop and the vector distance between 
the point and the loop. 
• For a circular loop, the direction of magnetic field at the axis of the loop 
is pointing along the axis. 
The following sections 2.2.1 and 2.2.2 refer to the content of Inductive Wireless Power 
Transfer for RFID & Embedded Devices: Coil Misalignment Analysis and Design by 
Kyriaki Fotopoulou [195], page 40-42, page 80-83.  
One of the most fundamental theories behind the magnetic coupling wireless power 
transfer is that electric currents produce magnetic fields [170]. The relation between 
the magnetic field and the electric current can be described using the Biot-Savart law, 







It states that for an infinitesimal length of conductor dl with an electric current I, the 
magnitude of the generated infinitesimal magnetic field at a point P(x,y,z) with a 
distance r from the infinitesimal conductor is proportional to the magnitude of I and 
weakens at the 3rd power of the distance r; the direction of the field is perpendicular 
to the surface where the infinitesimal conductor dl and the displacement vector 𝐫 (from 
the conductor dl and the point P(x,y,z)) are located and obeys the right-hand screw 
rule.  
For a finite length closed loop with electric currents, the total magnetic field H can be 








where the path of integration is along the loop. 
For a single-turn circular closed loop with a current I, as the loop TX shown in Figure 














with the origin of the coordinate situated at the centre of the loop TX and the 
infinitesimal vector dl is on the circumference of the loop. 
 
Figure 2.2-1 Coordinate schematic for a single-turn closed loop TX with a radius of a 
and a current I on it and another loop RX with a radius of b (𝑏 ≪ 𝑎) located coaxially 
with a distance h between them 
In order to calculate the magnetic field at ORX, the expression 𝑑𝒍 × 𝐫  should be 
calculated first. 
From Figure 2.2-1, it shows that 
 𝒓 = 𝑶𝑻𝑿𝑶𝑹𝑿 −𝑶𝑻𝑿𝑨 (2.4) 
where 𝒓 is the displacement vector from an arbitrary point A on the loop TX to the 
centre of RX ORX. 
As shown in Figure 2.2-1, the vector OTXORX and OTXA are expressed as 
 𝑶𝑻𝑿𝑶𝑹𝑿 = ℎ?⃗⃗? (2.5) 
 𝑶𝑻𝑿𝑨 = (𝑎 𝑐𝑜𝑠𝜙)?⃗⃗? + (𝑎 𝑠𝑖𝑛𝜙)?⃗⃗?  (2.6) 
where ?⃗?, ?⃗? and ?⃗? are the unit vector in the direction of axis X, Y and Z. 
Therefore, the vector 𝒓 can be calculated as 
 𝒓 = (−𝑎 𝑐𝑜𝑠𝜙)?⃗⃗? + (−𝑎 𝑠𝑖𝑛𝜙)?⃗⃗? + ℎ?⃗⃗? (2.7) 
The magnitude of the vector r is  
 |𝒓| = √(𝑎 𝑐𝑜𝑠𝜙)2 + (𝑎 𝑠𝑖𝑛𝜙)2 + ℎ2 = √𝑎2 + ℎ2 (2.8) 
In terms of 𝑑𝒍, in a cylindrical coordinate, it can be expressed as  

















where ?⃗⃗⃗⃗? is the infinitesimal angular vector in the cylindrical coordinate and can be 
expressed using unit vector ?⃗? and ?⃗? as 
 ?⃗⃗⃗⃗? = −𝑠𝑖𝑛𝜙?⃗⃗? + 𝑐𝑜𝑠𝜙?⃗⃗?  (2.10) 
Therefore, 𝑑𝒍 can be expressed as 
 𝑑𝒍 = (−𝑎 𝑠𝑖𝑛𝜙𝑑𝜙)?⃗⃗? + (𝑎 𝑐𝑜𝑠𝜙𝑑𝜙)?⃗⃗?  (2.11) 
The expression 𝑑𝒍 × 𝐫 thus can be calculated as 
 
𝑑𝒍 × 𝒓 = |
?⃗⃗? ?⃗⃗? ?⃗⃗?
−𝑎 𝑠𝑖𝑛𝜙𝑑𝜙 𝑎 𝑐𝑜𝑠𝜙𝑑𝜙 0
−𝑎 𝑐𝑜𝑠𝜙 −𝑎 𝑠𝑖𝑛𝜙 ℎ
| 
= 𝑎ℎ𝑐𝑜𝑠𝜙𝑑𝜙?⃗⃗? + 𝑎ℎ𝑠𝑖𝑛𝜙𝑑𝜙?⃗⃗? + 𝑎2𝑑𝜙?⃗⃗? 
(2.12) 
By combining (2.3) and (2.12), the magnetic field components at the point ORX in the 





































Because the result of integrations ∫ sinϕdϕ
2π
0
 and ∫ cosϕdϕ
2π
0
 equal to 0, Hx and Hy 

















Therefore, the magnetic field generated by a single-turn circular closed loop at a point, 
which is at the axis of the loop, is  











2.2.2 Faraday’s Law 
Key points of this section 
• A changing magnetic field can induce an electric field (and an electric 
voltage) on a conductive loop. 
• The induced voltage on the loop is decided by the strength of the 
magnetic field at the direction of loop surface, the number of turns, the 
efficient area of the loop surface and the frequency of the magnetic 
field. 
• In the air, by obtaining the physical structures (shape and size) of the 
transmitter coil and receiver coil, the interposition between the 
transmitter coil and receiver coil, as well as the current at the 
transmitter coil, the open-circuit voltage at the receiver coil can be 
decided. 
Another most fundamental theory behind the magnetic coupling wireless power 
transfer is the  araday’s law of induction. It describes the relationship between the 
induced voltage at a conductive loop and the magnetic flux enclosed by the surface 
of the loop, as shown in Figure 2.2-2, which can be expressed by the Maxwell-
Faraday Equation [171],  
 ∮𝑬 ∙ 𝑑𝒍 = −
𝜕
𝜕𝑡
∫𝑩 ∙ 𝑑𝑺 (2.18) 
 where ∫𝐁 ∙ d𝐒 is the magnetic flux 𝜓, and the equation can also be written as [171], 
 
 





Figure 2.2-2 Closed loop with surface S in a magnetic field with a magnetic flux 
density B, with E being the electromotive force (emf) on the loop and dl being the 
infinitesimal line component on the loop 
The equation states that the line integral of the induced electric field along a closed 
loop is equal to the change of magnetic flux in time, and the electric field is opposed 
to the change of the magnetic flux.  
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The magnetic flux density B can be expressed in the Cartesian coordinate as 
 𝑩 = 𝐵𝑥 ?⃗⃗? + 𝐵𝑦 ?⃗⃗? + 𝐵𝑧?⃗⃗? (2.20) 
where Bx, By and Bz are the components of the magnetic field in the ?⃗?, ?⃗?, ?⃗? direction. 
If the loop lies on the ?⃗?-?⃗? plain, with the surface S facing in the ?⃗?-direction, the 
infinitesimal surface dS can be expressed as 
 𝑑𝑺 = 𝑑𝑆𝒛 (2.21) 
Thus, combining (2.20) and (2.21), 
 𝑩 ∙ 𝑑𝑺 = (𝐵𝑥 ?⃗⃗? + 𝐵𝑦 ?⃗⃗? + 𝐵𝑧 ?⃗⃗?) ∙ (𝑑𝑆?⃗⃗?) = 𝐵𝑧𝑑𝑆 (2.22) 
The equation (2.18) thus becomes  




In a weakly coupled wireless power transfer system for micro-implants, the receiver 
coil is much smaller than the transmitter coils. Therefore, the magnetic field generated 
by the transmitter coil can be approximated as a uniform field on the surface and 
inside the receiver coil. In this case, the equation (2.23) can be simplified as 







where Seff is the effective area of the receiver coil. 
If the receiver coil is a multiturn coil with N turns, and the length of the receiver is 
effectively small so that the magnetic field flux density Bz can be treated as uniform in 
all the turns, the total effective area of the receiver coil Seff will thus become 
 𝑆𝑒𝑓𝑓 = 𝑁 ∙ 𝐴𝑒𝑓𝑓 (2.25) 
where Aeff is the effective area of each turn of coil. 
The equation (2.24) thus becomes 




Thus, from (2.26), for a sinusoidal-changing magnetic field, the induced voltage can 
be written as 




• VIND is the induced voltage on the receiver coil 
• N is the number of turns of the receiver coil 
• Aeff is the effective area of each turn of coil 
• Hz is the uniform magnetic field strength component in the z direction 
• 𝜔 is the angular frequency of the magnetic field 
• 𝜇 is the permeability of the core of coil 
With this equation, we can calculate the induced voltage on the receiver coil in the 
weakly coupled wireless power transfer system for micro-implants, when the same-
direction magnetic field strength at the receiver coil, the effective area of the coil, the 
number of turns and the frequency of the field are obtained.   
By combining (2.17) and (2.27), the voltage induced at the multiturn receiver coil RX 
in Figure 2.2-1 can be calculated as 






While the shapes and sizes of the primary coil and receiver coil are determined by the 
design, the current at the primary coil is not yet decided. Moreover, there are other 
factors affecting the magnetic field during the power transfer. These factors and 




2.3 Wireless power transfer theory and important factors 
Key points 
• To maximise the current through the coil, L-C resonant circuits are 
used in the transmitter and receiver. 
• In an L-C circuit, the AC resistance of the inductor will seriously affect 
the circuit performance, while the parasitic capacitor of the inductor will 
limit the operational frequency. The practical model of an inductor is 
thus analysed. 
• The magnetic field will experience attenuation in conduction media, the 
magnetic field strength will be decreased in human body.  
2.3.1 L-C Resonant Circuit Theory 
Key points of this section 
• An L-C circuit will resonate when the input voltage/current is at a 
specific frequency, whose value is determined by the values of the 
inductor and capacitor. 
• At resonance, an ideal parallel L-C circuit has infinite impedance and 
can be regarded as an open circuit; an ideal series L-C circuit has a 
zero impedance and can be regarded as a short circuit. 
• A practical parallel L-C circuit can increase the current through the 
inductor by a factor of 𝑄. In contrast, a practical series L-C circuit can 
increase the voltage across the inductor by a factor of 𝑄. 
The following section refers to the content of [208], page 21-25. 
(1) The voltage and current in a parallel L-C resonant circuit 
 
Figure 2.3-1 Parallel L-C circuit 
In a parallel L-C circuit, the inductor and the capacitor are connected in parallel, as 
shown in Figure 2.3-1. 
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If a sinusoidal voltage 𝑣(𝑡) = 𝑉0sin(𝜔𝑡 + 𝜑) is input into the circuit, the impedance of 
inductor L1 can be noted as 𝑋𝐿1 = 𝑗𝜔𝐿1, and the impedance of capacitor C1 can be 
noted as 𝑋𝐶1 =
1
𝑗𝜔𝐶1
. The total impedance of the parallel L-C circuit is  




If 𝜔 = 𝜔𝑅 =
1
√𝐿1𝐶1
, X𝐿∥𝐶 = ∞, which means the circuit impedance is infinitely large. The 
current flowing into the parallel L-C circuit will be 0. Meanwhile, the currents flowing 





 𝑖𝐿1(𝑡) = −
𝑉0
𝜔𝑅𝐿1
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = −𝑉0√
𝐶1
𝐿1
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.31) 
 𝐼𝐶1 = 𝑗𝜔𝑅𝐶1𝑉 (2.32) 
 𝑖𝐶1(𝑡) = 𝜔𝑅𝐶1𝑉0𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = 𝑉0√
𝐶1
𝐿1
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.33) 
If 𝜔 = 𝜔𝑅 =
1
√𝐿1𝐶1
, the currents in the inductor and the capacitor have the same 
amplitude but opposite phases, which means currents will flow between the inductor 
and the capacitor, and the energy stored in the inductor or in the capacitor will be 
exchanged between the two components while the total energy remains constant. 
The angular frequency 𝜔𝑅 is called the resonance frequency of the parallel L-C circuit.  
The instantaneous power of the inductor and the capacitor are  







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.34) 







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.35) 
The total power of the circuit is 𝑝L1(t) + 𝑝𝐶1(t) = 0. 
The voltage and current responses in the parallel L-C circuit are shown in Figure 2.3-2. 
The capacitor current and the inductor current are of the same amplitude and in 
opposite phase, which means electrical power is exchanged between the inductor 
 
35 
and the capacitor. While the capacitor current is 90 ahead of the input voltage in 
phase, the inductor current is 90 behind the input voltage in phase. 
 
Figure 2.3-2 Voltage, inductor current and capacitor current responses in the parallel 
L-C circuit for 1 Vpeak VIN, 100 pF of C1 and 2 µH of L1  
Instead of a sinusoidal voltage, if a sinusoidal current 𝑖(𝑡) = 𝐼0sin(𝜔𝑅𝑡 + 𝜑) is input 
into the circuit, because 𝑋𝐿∥𝐶 = ∞, the amplitude of the voltage 𝑣(𝑡) will theoretically 
be infinity, because 𝑉0 = 𝐼0𝑋𝐿∥𝐶 . The amplitude of current flowing between the 
inductor and the capacitor will theoretically be infinity as well. 
In more practical situations, there will be parasitic resistors in parallel with the inductor 
and the capacitor, as shown in Figure 2.3-3. 
 
Figure 2.3-3 Parallel L-C circuit with a parallel parasitic resistor 
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If a sinusoidal voltage 𝑣(𝑡) = 𝑉0sin(𝜔𝑅𝑡 + 𝜑)  is input into the circuit, because of 
resonance, the impedance of L1 and C1 is still infinite. The total impedance thus 
becomes 
 𝑋𝐿∥𝐶∥𝑅 = 𝑋𝐿1 ∥ 𝑋𝐶1 ∥ 𝑅1 ≈ 𝑅1 (2.36) 
The total current becomes 𝑖(𝑡) =
𝑉0
𝑅1
sin(𝜔𝑅𝑡 + 𝜑)  instead of 0. The instantaneous 
power of the overall circuit is  




𝑠𝑖𝑛2(𝜔𝑅𝑡 + 𝜑) (2.37) 
The instantaneous energies stored in the inductor and in the capacitor are the same 
as the energies in the parallel L-C circuit without the parasitic resistor R1. 
If a sinusoidal current 𝑖(𝑡) = 𝐼0sin(𝜔𝑅𝑡 + 𝜑) is input into the circuit, because the total 
impedance is calculated as 
 𝑋𝐿∥𝐶∥𝑅 = 𝑋𝐿1 ∥ 𝑋𝐶1 ∥ 𝑅1 ≈ 𝑅1 (2.38) 
the voltage 𝑣(t) becomes 𝑣(𝑡) = 𝐼0𝑅1sin(𝜔𝑅𝑡 + 𝜑). The currents at the inductor and 
the capacitor thus becomes 
 𝑖𝐿1(𝑡) = −
𝐼0𝑅1
𝜔𝑅𝐿1
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = −𝐼0𝑄𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.39) 
 𝑖𝐶1(𝑡) = 𝐼0𝑅1𝜔𝑅𝐶1𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = 𝐼0𝑄𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.40) 
where 𝑄 is the quality factor  






= 𝜔𝑅𝑅1𝐶1 (2.41) 
The instantaneous power of the overall circuit is  




{1 − 𝑐𝑜𝑠[2(𝜔𝑅𝑡 + 𝜑)]} (2.42) 
The instantaneous power of the inductor and the capacitor are 








𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.43) 








𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.44) 
The total power of the inductor and the capacitor is 𝑝L1(t) + 𝑝C1(t) = 0. 
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(2) The voltage and current in a series L-C circuit 
 
Figure 2.3-4 Series L-C circuit 
In a series L-C circuit, the inductor and the capacitor are connected in series, as 
shown in Figure 2.3-4.  
If a sinusoidal current 𝑖(𝑡) = 𝐼0sin(𝜔𝑡 + 𝜑) is input to the circuit, the impedance of the 
inductor L2 can be noted as 𝑋𝐿2 = 𝑗𝜔𝐿2, and the impedance of the capacitor C2 can 
be noted as 𝑋𝐶2 =
1
𝑗𝜔𝐶2
. The total impedance of the parallel L-C circuit is  







If 𝜔 = 𝜔𝑅 =
1
√𝐿2𝐶2
, 𝑋𝐿𝐶 = 0, which means the circuit impedance is 0. The voltage 
across the series L-C circuit will be 0. Meanwhile, the currents flowing through the 
inductor and the capacitor are  
 𝑉𝐿2 =  𝑗𝜔𝑅𝐿2𝐼  (2.46) 
 𝑣𝐿2(𝑡) = 𝜔𝑅𝐿2𝐼0𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = 𝐼0√
𝐿2
𝐶2
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.47) 




 𝑣𝐶2(𝑡) = −
𝐼0
𝜔𝑅𝐶2
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = −𝐼0√
𝐿2
𝐶2
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.49) 
If 𝜔 = 𝜔𝑅 =
1
√𝐿2𝐶2
, the voltages across the inductor and across the capacitor have the 
same amplitude but opposite phases, and the energy stored in the inductor or in the 
capacitor will be exchanged between the two components while the total energy 
remains constant. The angular frequency 𝜔𝑅 is the resonance frequency of the series 
L-C circuit.  
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The instantaneous power of the inductor and the capacitor are  







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.50) 







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.51) 
The total power of the circuit is 𝑝L2 + 𝑝C2 = 0. 
The voltage and current responses in the series L-C circuit are shown in Figure 2.3-5. 
The capacitor voltage and the inductor voltage are of the same amplitude and in 
opposite phase, which means electrical power is exchanged between the inductor 
and the capacitor. While the inductor voltage is 90 ahead of the input current in phase, 
the capacitor voltage is 90 behind the input current in phase. 
 
Figure 2.3-5 Voltage, inductor current and capacitor current responses in the series 
L-C circuit for 1 mApeak of IIN, 100 pF of C1 and 2 µH of L1 
In more practical situations, there will be parasitic resistors in series with the inductor 




Figure 2.3-6 Series L-C circuit with a series parasitic resistor 
If a sinusoidal current 𝑖(𝑡) = 𝐼0sin(𝜔𝑅𝑡 + 𝜑)  is input into the circuit, because of 
resonance, the impedance of L2 and C2 is still 0. The total impedance thus becomes  
 𝑋𝑅𝐿𝐶 = 𝑋𝐿𝐶 + 𝑅2 ≈ 𝑅2 (2.52) 
The total voltage becomes 𝑣(𝑡) = 𝐼0𝑅2sin(𝜔𝑅𝑡 + 𝜑) instead of 0. The instantaneous 
power of the overall circuit is 
 𝑝(𝑡) = 𝑣(𝑡)𝑖(𝑡) = 𝐼0
2𝑅2𝑠𝑖𝑛
2(𝜔𝑅𝑡 + 𝜑) (2.53) 
The instantaneous energies stored in the inductor and in the capacitor are the same 
as the energies in the parallel L-C circuit without the parasitic resistor R1. 
If a sinusoidal voltage 𝑣(𝑡) = 𝑉0sin(𝜔𝑅𝑡 + 𝜑) is input into the circuit, because the total 
impedance is calculated as 
 𝑋𝑅𝐿𝐶 = 𝑋𝐿𝐶 + 𝑅2 ≈ 𝑅2 (2.54) 
the current 𝑖(𝑡) becomes 𝑖(𝑡) =
𝑉0
𝑅2
sin(𝜔𝑅𝑡 + 𝜑). The voltages across the inductor and 




𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = 𝑉0𝑄𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.55) 
 𝑣𝐶2(𝑡) = −
𝑉0
𝜔𝑅𝐶2𝑅2
𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) = −𝑉0𝑄𝑐𝑜𝑠(𝜔𝑅𝑡 + 𝜑) (2.56) 














The instantaneous power of the overall circuit is  
 
40 




{1 − 𝑐𝑜𝑠[2(𝜔𝑅𝑡 + 𝜑)]} (2.58) 
The instantaneous power of the inductor and the capacitor are 







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.59) 







𝑠𝑖𝑛[2(𝜔𝑅𝑡 + 𝜑)] (2.60) 
The total power of the inductor and the capacitor is 𝑝𝐿2(t) + 𝑝𝐶2(t) = 0. 
With the analytical expression of the L-C resonant coil, the condition and performance 
of the resonant circuit can be determined. However, to have a thorough understanding 
of the performance of the wireless power system, the parameters of the circuit (L, R, 
C) need to be known. More importantly, the factors that determines the parameters of 
the circuit should be analysed. 
2.3.2 Impedance matching 
In this section 
• Introduction of theory behind impedance matching 
• Introduction and analysis of two-element L-C impedance matching network 
• Introduction and analysis of three-element L-C impedance matching network 
In electronics, impedance matching is a method to match two different terminations 
through a specific passband [172], so that a minimum reflection of electric power 
occurs when it passes from one termination to the other [172].  
Consider the circuit shown in Figure 2.3-7. The AC voltage source VIN has a source 
impedance ZS. The load impedance is ZL. 
 
Figure 2.3-7 Simple AC circuit with an AC voltage source VIN, a source impedance 
ZS and a load impedance ZL; the voltage across the source impedance is VS, and the 
voltage across the load impedance is ZL; the current in the circuit is I. 
If both the impedances are resistive, which means 𝑍𝑆 = 𝑅𝑆 and 𝑍𝐿 = 𝑅𝐿, 




















If the impedances are complex, when the load impedance is the complex conjugate 
of the source impedance, 
 𝑍𝐿 = 𝑍𝑆
∗ (2.63) 
The total impedance in the circuit becomes 
 𝑍𝐿 + 𝑍𝑆 = 𝑍𝑆
∗ + 𝑍𝑆 = 2𝑅𝑆 (2.64) 
The same maximum load power PL-MAX will be obtained.  
If in practice, the load impedance does not happen to be the complex conjugate of 
the source impedance (which is always the case), impedance matching circuits will 
be used.  
Because of the operational frequency range (6 to 15 MHz) of the proposed wireless 
power transfer system, the lumped reactive impedance matching network will be used. 
2.3.2.1 Two-element L-section lumped reactive impedance matching network 
The lumped reactive impedance matching network is an L-C circuit that converts the 
load impedance (or the source impedance) to the complex conjugate of the source 
impedance (or the load impedance). 
One of the most commonly used impedance matching networks is the L-section circuit 
[172][173]. There are two kinds of L-section circuits, the normal L-section circuit 
(shown in Figure 2.3-8), and the reverse L-section circuit (shown in Figure 2.3-9). The 
normal L-section circuit is applied when the impedance at the input terminal of the 
circuit is higher than the impedance at the output terminal of the circuit, while the 
reverse L-section circuit is applied at the opposite condition. 
(1) Normal L-section 
In Figure 2.3-8, the impedance 𝑍1 = 𝑗𝑋1  and 𝑍2 = 𝑗𝑋2  forms the normal L-section 




    
Figure 2.3-8 (𝑅𝑆 ≥ 𝑅𝐿) normal L-section impedance matching circuit (left), which 
consists of jX1 and jX2. VIN is the voltage source, ZS is the source impedance (ZS* 
the complex conjugate), ZL is the load impedance (ZL* the complex conjugate). 
Equivalent circuit from the voltage source side (middle), and the equivalent circuit 
from the load impedance side (right).  
In order to match the impedances between the source and the load, there are two 
conditions to meet. Firstly, the total impedance of the impedance matching circuit and 
the load should be equal to the complex conjugate of the source impedance, which 
makes the equivalent circuit in the bottom left of Figure 2.3-8; secondly, the total 
impedance of the impedance matching circuit and the source should be equal to the 
complex conjugate of the load impedance, which makes the equivalent circuit in the 





𝑍1 + 𝑍2 + 𝑍𝐿
 (2.65) 
 𝑍𝐿




According to Thevenin’s theorem, the equivalent voltage source at the bottom right of 





If both the source impedance and the load impedance are complex values, 
 𝑍𝑆 = 𝑅𝑆 + 𝑗𝑋𝑆 (2.68) 
 𝑍𝐿 = 𝑅𝐿 + 𝑗𝑋𝐿 (2.69) 
As 
 𝑍1 = 𝑗𝑋1 (2.70) 
 𝑍2 = 𝑗𝑋2 (2.71) 
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 𝑋2 = −(𝑋𝐿 ± 𝑅𝐿𝑄) (2.73) 













 𝑋2 = ∓𝑅𝐿𝑄 (2.76) 
 𝑄 = √
𝑅𝑆
𝑅𝐿
− 1 (2.77) 
(2) Reverse L-section  
In Figure 2.3-9, the impedance 𝑍1 = 𝑗𝑋1 and 𝑍2 = 𝑗𝑋2 forms the reverse L-section 
circuit. The source impedance RS is assumed to be smaller than the load impedance 
RL.  
   
Figure 2.3-9 (𝑅𝐿 ≥ 𝑅𝑆) reverse L-section impedance matching circuit (left), which 
consists of jX1 and jX2. VIN is the voltage source, ZS is the source impedance (ZS* 
the complex conjugate), ZL is the load impedance (ZL* the complex conjugate). 
Equivalent circuit from the voltage source side (middle), and the equivalent circuit 
from the load impedance size (right). 
The same impedance conditions as the normal L-section are met in the reverse L-
section circuit, which gives  
 𝑍𝑆
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According to Thevenin’s theorem, the equivalent voltage source at the bottom right of 




𝑉𝐼𝑁  (2.80) 
If both the source impedance and the load impedance are complex, 
 𝑍𝑆 = 𝑅𝑆 + 𝑗𝑋𝑆 (2.81) 
 𝑍𝐿 = 𝑅𝐿 + 𝑗𝑋𝐿 (2.82) 
As 
 𝑍1 = 𝑗𝑋1 (2.83) 
 𝑍2 = 𝑗𝑋2 (2.84) 









 𝑋2 = −(𝑋𝑆 ± 𝑅𝑆𝑄) (2.86) 













 𝑋2 = ∓𝑅𝑆𝑄  (2.89) 
 𝑄 = √
𝑅𝐿
𝑅𝑆
− 1 (2.90) 
It should be noted that the plus-minus sign in the expressions means that the 
impedance Z1 or Z2 can be either an inductor or capacitor, but if one of them is 
determined, the other one should be the opposite type [172]. If the series element Z2 
is an inductor, it creates a low-pass topology; when the series element Z2 is a capacitor, 
it creates a high-pass topology [173]. 
The L-section lumped reactive impedance matching network will be able to match any 
load impedance to any source impedance. However, the disadvantage of this network 
is that its bandwidth and Q-factor are determined by the source and load impedances, 
which are already fixed. To improve this, one more impedance element Z3 are added 
 
45 
into the matching circuit, which makes the π-section and T-section lumped reactive 
impedance matching network. 
2.3.2.2 Three-element lumped reactive impedance matching network 
Compared with the two-element matching networks, the three-element circuits can 
gain extra freedom for bandwidth control and flexibility for component values. The 
most commonly used three-element circuits are π-section and T-section circuits. 
The three-element π-section and T-section circuits will be able to perform impedance 
matching between two terminals without judging which terminal impedance is higher. 
They will also be able to control the bandwidth of the matching circuit by freely 
increasing or decreasing the Q-factor, which is essential in a magnetic resonance 
wireless power transfer system because a high Q-factor is desired to improve power 
efficiency at the operational efficiency. 
(1) π-section 
The π-section circuit is shown in Figure 2.3-10, in which 𝑍1 = 𝑗𝑋1, 𝑍2 = 𝑗𝑋2 and 𝑍3 =
𝑗𝑋3 are the elements of the circuit. It can be seen as two L-section circuits that are 
“back to back” to each other [172], which is shown in the top of Figure 2.3-11. Here, 
the impedance Z3 splits into the impedances Z4 and Z5. A virtual impedance level Z is 
introduced between the two L-section circuits. On the left L-section and the source, 
the equivalent impedance can be calculated as Z* (an equivalent circuit is shown in 
the bottom left in Figure 2.3-11), while on the right L-section and the load, the 
equivalent impedance can be calculated as Z (an equivalent circuit is shown in the 
bottom right in Figure 2.3-11). Therefore, the two sections are matched together. The 
value of Z is chosen in consideration of the bandwidth of the matching circuit. 
     
Figure 2.3-10 π-section impedance matching circuit, which consists of jX1, jX2 and 
jX3. VIN is the voltage source, ZS is the source impedance (ZS* the complex 
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Figure 2.3-11 Equivalent circuits of the π-section impedance matching circuit; in the 
top one, jX3 splits into jX4 and jX5, and a virtural impedance Z can be assumed to 
exist between them; in the bottom left, the equivalent circuit is between the voltage 
source and the virtural impedance Z; in the bottom right, the equivalent is between 
the virtural impedance Z and the load impedance. 
In Figure 2.3-11, the source and the left L-section form a normal L-section circuit, with 
the impedances having the following relations [172], 







𝑍1 + 𝑍4 + 𝑍
 (2.92) 
The right L-section and the load form a reverse L-section circuit, with the impedances 
having the following relations [172], 







𝑍5 + 𝑍2 + 𝑍𝑆
 (2.94) 
With these four equations, the value of Z1, Z2, Z4 and Z5 can be calculated given the 
value of ZS, ZL and Z. It should be noted that the real component of virtual impedance 
R = Re(Z) should be chosen to be smaller than or equal to both RS and RL (𝑅 ≤
min (𝑅𝑆, 𝑅𝐿)), because the virtual impedance is at the lower impedance side of both 
split L-sections. 
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 𝑍3 = 𝑍4 + 𝑍5 (2.95) 





The Q-factor of the π-section will be the higher one of the Q-factors from the left 
normal L-section and the right reverse L-section. 
The equivalent circuit for the right L-section and the load in Figure 2.3-11 can be 
further simplified and transformed into the circuit in Figure 2.3-12, which is the 
equivalent circuit from the load impedance side. 
 
Figure 2.3-12 Equivalent circuit of the π-section impedance matching circuit from the 
load impedance side 
In Figure 2.3-12, the source impedance is the complex conjugate of the load 
impedance, and the equivalent source voltage can be calculated as 
 𝑉𝐼𝑁′ =
𝑍2





The T-section circuit is shown in Figure 2.3-13, in which 𝑍1 = 𝑗𝑋1, 𝑍2 = 𝑗𝑋2 and 𝑍3 =
𝑗𝑋3 are the elements of the circuit. Similar to the π-section, the T-section circuit can 
be seen as two reverse L-section circuits that are “back to back” to each other [172], 
which is shown in the top in Figure 2.3-14. Here, the impedance Z3 splits into the 
impedances Z4 and Z5. A virtual impedance level Z is introduced between the two L-
section circuits. On the left L-section and the source, the equivalent impedance can 
be calculated as Z* (an equivalent circuit is shown in the bottom left in Figure 2.3-14), 
while on the right L-section and the load, the equivalent impedance can be calculated 
as Z (an equivalent circuit is shown in the bottom right in Figure 2.3-14). Therefore, 
the two sections are matched together. The value of Z is chosen in the consideration 







       
Figure 2.3-13 T-section impedance matching circuit, which consists of jX1, jX2 and 
jX3. VIN is the voltage source, ZS is the source impedance (ZS* the complex 
conjugate), ZL is the load impedance (ZL* the complex conjugate).  
   
Figure 2.3-14 Equivalent circuits of the T-section impedance matching circuit; in the 
top one, jX3 splits into jX4 and jX5, and a virtural impedance Z can be assumed to 
exist between them; in the bottom left, the equivalent circuit is between the voltage 
source and the virtural impedance Z; in the bottom right, the equivalent is between 
the virtural impedance Z and the load impedance. 
In Figure 2.3-14, the source and the left L-section form a reverse L-section circuit, 
with the impedances having the following relations [172], 
 𝑍∗ =
𝑍5(𝑍𝑆 + 𝑍2)
𝑍5 + 𝑍2 + 𝑍𝑆
 (2.98) 
 𝑍𝑆




The right L-section and the load form a normal L-section circuit, with the impedances 
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𝑍4 + 𝑍1 + 𝑍𝐿
 (2.100) 
 𝑍𝐿





With these four equations, the value of Z1, Z2, Z4 and Z5 can be calculated given the 
value of ZS, ZL and Z. It should be noted that the real component of virtual impedance 
R = Re(Z)  should be chosen to be higher than or equal to both RS and RL (𝑅 ≥
max (𝑅𝑆, 𝑅𝐿)), because the virtual impedance is at the higher impedance side of both 
split L-sections. 
The impedance Z3 can then be calculated as 
 𝑍3 = 𝑍4 ∥ 𝑍5 (2.102) 
The equivalent voltage source in the right L-section can be calculated as 
 𝑉𝐼𝑁′ =
𝑍5
𝑍𝑆 + 𝑍2 + 𝑍5
𝑉𝐼𝑁 (2.103) 
The Q-factor of the T-section will be the higher one of the Q-factors from the left 
reverse L-section and the right normal L-section. 
The equivalent circuit for the right L-section and the load in Figure 2.3-14 can be 
further simplified and transformed into the circuit in Figure 2.3-15, which is the 
equivalent circuit from the load impedance side. 
 
Figure 2.3-15 Equivalent circuit of the T-section impedance matching circuit from the 
load impedance side 
In Figure 2.3-15, the source impedance is the complex conjugate of the load 
impedance, and the equivalent source voltage can be calculated as 
 𝑉𝐼𝑁′′ =
𝑍5




(3) Flexible three-element matching circuits 
Based on the two-element L-section matching circuit, an extra element (impedance) 







at circuits where only one terminal has imaginary parts. An example of load 
impedance is shown in Figure 2.3-16. 
 
Figure 2.3-16 Load impedance with capacitance CL 
There will be three options [173]: 
• Absorb the imaginary parts into the matching network 
• Resonate the imaginary parts 
• Absorb some of the imaginary parts into the matching network and resonate 
the remaining imaginary parts 
When the imaginary parts of the termination impedance are smaller than the required 
impedance of the matching network, it can either be absorbed into the matching 
network with additional impedances (as in the left of Figure 2.3-17) or resonate with 
an extra element of opposite type (as in the right of Figure 2.3-17). 
 
Figure 2.3-17 Reverse L-section matching circuit with a small capacitve load; (left) 
the load capacitance CL is absorbed into the matching circuit, and the total 
capacitance CM+CL makes the capacitor of the reverse L-section; (right) the load 
capacitance CL resonates with the add-on inductor LR, the reverse L-section directly 
matches the leftover load resistance RL 
When the imaginary parts are larger than the required impedance of the matching 
network, it can either be partly absorbed into the matching network with the remaining 
parts resonated with an extra element of opposite type (as shown in the left of Figure 
2.3-18) or resonate fully with an extra element of opposite type (as shown in the right 
of Figure 2.3-18). 
    
  
    
  
     
  






Figure 2.3-18 Reverse L-section matching circuit with a large capacitve load; (left) a 
part CL1 of the load capacitance CL is absorbed into the matching circuit, and the 
remaining capacitance CL2 resonate with the add-on inductor LR; (right) the load 
capacitance CL resonates with the add-on inductor LR, the reverse L-section directly 
matches the leftover load resistance RL 
It should be noted that the options with resonance will reduce the bandwidth, and the 
more reactance used to resonate, the narrower the frequency response will become 
[173]. 
2.3.3 Inductor models and factors 
Forward look – next steps 
• Formulas to predict solenoid coil capacitance will be introduced, and 
the relationships between the coil capacitance and the number of turns 
and the gap interval will be discussed. 
• Formulas to predict the free solenoid coil self-resonant frequency (SRF) 
will be introduced, and the relationships between the SRF and the 
number of turns and the gap interval will be discussed. 
• Formulas to predict the solenoid coil AC resistance will be introduced, 
and the relations between the coil AC resistance and the number of 
turns and the gap interval will be discussed. 
• Formulas to predict the magnetic field distortion in media will be 
introduced. 
Although the coil in the wireless power transfer system is always represented by an 
inductor L, it is actually much more complicated. A practical equivalent lumped-circuit 
model of a solenoid coil working in a frequency well below of its self-resonant 
frequency (SRF) can be shown as Figure 2.3-19. 
  
      
  
         
    
  
  





Figure 2.3-19 Complete lumped-circuit model of a coil [174], where Dloop is the 
diameter of the coil and lloop is the length of the coil 
There are four components in the complete lumped-circuit model. They are 
• The self-inductance Ls of the coil  
• The series resistance Rs of the coil which is from heat loss  
• The self-capacitance Cp of the coil with additional parasitic capacitance 
• The parallel resistance Rp of the coil which is from magnetic loss with 
additional parasitic resistance 
The self-inductance of the coil is determined by the structure of the coil and the 
existence of a magnetic core. The series resistance Rs of the coil is from the ohmic 
heat loss, which is dependent on the structure of the coil as well as the frequency of 
the current passing through the coil. The self-capacitance Cp of the coil is determined 
by the structure of the coil and the dielectric around the coil. Moreover, parasitic 
capacitance exists between the coil and the environment. The parallel resistance Rp 
is from the ferrite core loss. For air-core solenoid coils, there is no magnetic loss, so 
the parallel resistance Rp can be neglected.  
In this thesis, air-core and ferrite-core solenoid coils will be focused. The effect of self-
capacitance Cp and the series resistance Rs will be discussed further in detail. 
2.3.3.1 Self-capacitance of a solenoid coil 
The existence of self-capacitance in the inductor has two major influences on the coil 
design for wireless power transfer. 
a) Firstly, to create a parallel resonant circuit at a certain frequency, the 
total capacitance should be the value of the additional external 
capacitor and the value of self-capacitance. Ignoring the self-
capacitance will create a lower resonance frequency. 
b) Secondly, the self-capacitance, together with the self-inductance, will 
create resonance themselves at a set of SRFs. As the self-capacitance 
of the inductor is easily affected by external environments, for the 
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robustness of the wireless power transfer system, the resonance 
frequency of the L-C circuits in the wireless power transfer system 
should be well below the SRF of the coils in the system.  
As solenoid coils are used in the proposed wireless power transfer system, the self-
capacitance and SRF of a solenoid coil will be calculated.  
To calculate the self-capacitance of a solenoid coil, David W. Knight [174], views the 
coil as a short-circuited transmission line, with which the lowest resonance of the coil 
occurs when the conductor length of coil equals to half wavelength (
𝜆
2
). At this 
conductor length, EM wave propagates from one end of the coil to the other end and 
returns without cancellation, creating a standing wave on the coil and a high output 
impedance at the terminal. Based on this phenomenon and other researches [175]-
[179], David W. Knight points out that the SRF of a solenoid coil is related to the phase 
velocity factor of the coil, and thus a derivation of phase velocity will lead to the 
derivation of SRF, which will then lead to the derivation of self-capacitance. 
Based on Ollendorff’s work [180], on the calculation of phase velocity factor and 
Medhurst’s data for coil self-capacitance (The plots of Ollendorff’s formula of velocity 
factor and Medhust’s data can be seen in Appendix A2.), David W. Knight proposed 
an empirical formula to calculate the solenoid coil self-capacitance with the input 
argument being the length/diameter (l/D), internal relative permittivity ε𝑖 and external 
relative permittivity ε𝑥. This formula is referred to as the Time-Delay Induced Electric-



















where Dloop is the diameter of the coil and lloop is the length of the coil as shown in 
Figure 2.3-19. 
 kL is the Nagaoka’s coefficient. 






































 𝑙𝑙𝑜𝑜𝑝 = 𝑁𝑑𝑤𝑖𝑟𝑒 + (𝑁 − 1)𝑝 (2.109) 
The formula has two parts.  
On part is the transmission-line delay capacitance CT, which is to model the 
propagation-delay of EM wave travelling along the conductor of the coil. The 












The other part is the axial induced-field capacitance CE, which is to model the induced 
electric field by the time-varying magnetic field within the coil. The capacitance will 
decrease as the coil-length/diameter ratio increases. 
 
𝐶𝐸 =







In terms of application, the TDE formula is able to have an accurate simulation of self-
capacitance for thin-insulated solenoid coils connected in circuits with formers with 
uniform composition.  
Because in a wireless power transfer system, the number of turns and the gap interval, 
instead of the loop length, are the main variables. The effect of changes in turn 
number and gap interval on the capacitance is of more interest (As will be discussed 
in Section 3.2.2, the coil diameter is mainly determined by the transfer distance for 
maximum magnetic field strength. It is difficult to adjust coil diameter for SRF).  
An example of the self-capacitance against the number of coil turns N and against the 
gap interval p are shown in Figure 2.3-20 and Figure 2.3-21. The parameters of the 
coil in the example is following the parameters of the coil in the writer’s experiment 




Figure 2.3-20 Calculated self-capacitance against number of coil turns N with 
diameter of coil Dloop = 20 cm, gap interval p = 1.2 cm, internal relative permittivity    
𝑖 = 2.7 (Acrylic) and external relative permittivity = 1 (air) 
 
Figure 2.3-21 Self-capacitance against the gap interval p with diameter of coil         
Dloop=20 cm, number of coil turns N = 6, internal relative permittivity 𝑖 = 2.7 (Acrylic) 
and external relative permittivity 𝑥 = 1 (air) 
As shown, the capacitance drops from N=2, reaching the bottom at about N=5, then 
increases exponentially as the N increases. For coil turns less than 10, the 
capacitance is less than 30 pF. The higher capacitance from N=2 to N=4 is because 
of the higher axial induced-field component CE at shorter coil lengths. As the N 
increases, the coil becomes longer, CE decreases, and the transmission-line delay 
capacitance CT increases as the main contribution of self-capacitance of the coil.  
 
56 
For the gap interval p, as p increases from p=1 mm, the coil capacitance decreases 
and reaches the bottom when p=11 mm. The capacitance increases as the p 
continues to increase after p=11 mm. Although the decrease of coil capacitance when 
p is between 1mm and 11mm gives an impression that the electric field exists between 
adjacent coil turns, the fact is that there is no inter-turn capacitance for solenoid coils. 
For solenoid coils connected in circuits, the electric field is either in the helical direction 
along the conductor or the axial direction inside the coil [174]. The decrease of coil 
capacitance is only owing to the decrease of axial induced-field capacitance CT as the 
gap interval increases. 
It should be noted that, because of the extra length of wire at the terminals of the coil 
to connect to the external components, the actual coil is a solenoid shape with wire 
tails, which will partly distort the electric field in the coil. Thus, the actual capacitance 
will not be exactly the same as the calculation result. However, the calculation result 
will be able to provide an estimation of actual capacitance. 
2.3.3.2 Self-resonance frequency (SRF) of free solenoid coil 
Because the electric field pattern in a free solenoid coil is different from the one in the 
in-circuit coil, to get an accurate result, the true SRF of a free solenoid coil is 
calculated based on the simulation of nominal helical velocity factor uhx/c of the coil.  
It should be noted that the L-C circuit resonance frequency formula using the self-
inductance and self-capacitance is based on the assumption that the capacitance 
representing the electric field in the coil is parallel to the coil and a uniform current is 
flowing through the coil, which is not the case for free coils and is only applicable 
when the operational frequency is much less than the coil’s    . Moreover, the 
formula indicates that there is only one SRF for a coil, which is wrong as a coil can 
have sub-harmonics of SRF in high frequencies. 
David W. Knight developed an empirical model called  T ’||CEF to simulate the 
nominal helical velocity factor uhx/c in a free solenoid coil based on the nominal helical 
velocity factor data from Drude [178], Pettit [174], Jackson [181] and his own 
experiment (The comparison of  T ’||CEF and the experiment data can be seen in 
AppendixA2. ).  
The steps to obtain the nominal helical phase velocity factor uhx/c of a free solenoid 
are as follows [174]. 



















































[1 + 𝑘𝐿 +
𝑖
𝑥
(1 − 𝑘𝐿)] (2.116) 
4) Calculate the actual helical velocity factor 
 𝑊(𝑥) = √
𝐼0(𝑥)𝐾0(𝑥)
𝐼1(𝑥)𝐾1(𝑥)





















































































= 𝑦 (2.126) 





The detailed calculation steps are presented in Appendix A7. 
It should be noted that the obtained SRF is for free solenoid coils, which means no 
circuit is connected to the coil. If a shunt impedance is connected at the terminals of 
the coil, the L-C resonance frequency formula will be applicable at low frequencies 
until the frequency is close to the SRF of the free coil.  
An example of solenoid coil’s SRF against the number of turns and against the gap 
interval between coil turns are shown in Figure 2.3-22 and Figure 2.3-23. The 
parameters of the coil in the example is following the parameters of the coil in the 
writer’s experiment setup in Section 3.2.4. As the number of turns increases, the SRF 
of the coil decreases exponentially. For the present sets of coil parameters, the SRF 
drops to 20 MHz when N = 5. Considering the robustness of wireless power transfer 
system, the operational frequency should be less than half of the free coil SRF. 
Therefore, with the present sets of coil parameters, if the operational frequency is set 
to 10 MHz, the coil should not be more than 5 turns. Compared with the number of 
turns, the     changes “slower” against the change of gap interval p at the present 
sets of coil parameter. A 10-time change in the gap interval (from 2 mm to 2 cm) only 
shifts the SRF up by 5 MHz Thus, altering the number of turns is more effective at 
increasing the SRF than changing the gap interval. Furthermore, as will be discussed 
in Section 3.1.1, the change of gap interval p has a stronger effect on the magnetic 
field strength than changing the number of turns. This also indicates the first option 




Figure 2.3-22 SRF against number of coil turns N with diameter of coil Dloop = 20 cm, 
gap interval p = 1.2 cm, internal relative permittivity 𝑖 = 2.7 (Acrylic) and external 
relative permittivity = 1 (air) 
 
Figure 2.3-23 SRF against gap interval p with diameter of coil Dloop=20 cm, number 
of coil turns N= 6, internal relative permittivity 𝑖 = 2.7 (Acrylic) and external relative 
permittivity 𝑥 = 1 (air) 
2.3.3.3 Parasitic capacitance due to environments in proximity 
When a coil is near a conductive object, there will be distributed parasitic capacitance 
between the coil and the object, as shown in the left of Figure 2.3-24. The electric field 
corresponding to the parasitic capacitance will generate conduction currents on the 
object and cause heat loss due to the resistance in the object. An equivalent circuit of 
the solenoid coil with the parasitic capacitance and resistance is shown in the right of 
Figure 2.3-24. The parasitic capacitance Cpr-eq and resistance Rpr-eq is added in parallel 
with the coil. Two problems will be caused by Cpr-eq and Rpr-eq. Firstly, the parasitic 
capacitance will be added to the capacitance of the transmitter circuit and change the 
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resonance frequency of the circuit; Secondly, the resistance Rpr-eq will cause extra heat 
loss to the transmitter circuit and lower the quality factor.  
 
Figure 2.3-24 (Left) distributed parasitic capacitance exists between coil and 
conductive environment in proximity with parasitic resistance; (right) equivalent 
circuit for solenoid coil with equivalent parasitic capacitance and parasitic resistance 
causing by conductive environment in proximity 
The parasitic capacitance can be seen as the capacitance between a circular wire 











• lwire is the length of wire in the proximity of the conductive environment 
• h is the distance between the wire and the environment 
• dwire is the diameter of wire 
•  is the dielectric constant of the medium where the wire is located 
In the wireless power transfer system, the circular wire will be the length of conductor 
of the solenoid coil. As the coil is situated in the air with coil formers, the dielectric 
constant has to be corrected for the coil former. Due to the complexity of the human 
body and the scope of the thesis, it is assumed that the electric field corresponding to 
the parasitic capacitance only exists at the surface of the human body. The distance 
between the wire and the conductive environment is thus the distance between each 
turn of the coil and the surface of the human body. As the turns of coil are all parallel 
to each other and any additional turns will add capacitance to the total parasitic 
capacitance, the total parasitic capacitance can then be calculated as the 












 𝑐𝑜𝑠ℎ−1(𝑥) = 𝑙𝑛 (𝑥 + √𝑥2 − 1) (2.129) 
The capacitance between the solenoid coil and the human body can thus be roughly 
estimated as the following in the wireless power transfer system.  
 
𝐶𝑝𝑟−𝑒𝑞 = ∑
𝜋 0( 𝑥 + 𝑖)(𝜋𝐷𝑙𝑜𝑜𝑝)
𝑙𝑛 [
ℎ𝑏𝑜𝑑𝑦 + 𝑖 ∙ 𝑝
𝑑𝑤𝑖𝑟𝑒
+√(










• Dloop is the diameter of the solenoid coil 
• hbody is the distance between the coil and the surface of human body 
• p is the gap interval between turns of the coil 
• N is the number of turns of the solenoid coil 
• dwire is the diameter of the wire of the coil 
• ε𝑥 is the relative dielectric constant of external environment (air) 
• ε𝑖 is the relative dielectric constant of internal environment (coil former) 
An example of the amount of parasitic capacitance against the distance between coil 
and human body is shown in Figure 2.3-25. The parasitic capacitance is more than 
20 pF when the distance is less than 1 mm, but it drops more than 50% when the 
distance increases to more than 1mm. After the drop, as the distance continues to 
increase, the capacitance decreases slowly. What’s more, the capacitance increases 
as the number of turns increases, which can be easily observed from the formula. 
 
Figure 2.3-25 Parasitic capacitance against distance between coil and human body 
in different number of coil turns. Diameter of coil Dloop=20 cm, gap interval p=1 cm, 




Due to the different dielectric constants at different parts of the human body, the 
capacitance formula will not be able to give an accurate result. However, it can help 
to estimate the scale of parasitic capacitance and how the capacitance will change 
due to the change of the distance between the coil and the human body. 
The value of equivalent parasitic resistance Rpr-eq is dependent on the medium in the 
environment. The calculation of the resistance will not be carried out in the thesis. 
2.3.3.4 AC resistance with skin effect and proximity effect 
The series resistance Rs of a solenoid coil is dependent on the dimensional 
parameters of coil as well as the frequency of current passing through the coil.  
At a DC current, the resistance of a coil is totally dependent on the length of wire and 





in which  
lwire is the total length of wire that makes the solenoid coil.  
 𝑙𝑤𝑖𝑟𝑒 ≈ √(𝑁𝜋𝐷𝑙𝑜𝑜𝑝)
2
+ 𝑙𝑙𝑜𝑜𝑝
2  (2.132) 
lloop is the length of the solenoid coil.  
 𝑙𝑙𝑜𝑜𝑝 = 𝑁𝑑𝑤𝑖𝑟𝑒 + (𝑁 − 1)𝑝 (2.133) 







• 𝜌 is the resistivity of the conducting wire 
• 𝑁 is the number of turns of the coil 
• 𝐷𝑙𝑜𝑜𝑝 is the diameter of the solenoid coil 
• 𝑑𝑤𝑖𝑟𝑒 is the diameter of the wire that wounds the coil 
• 𝑝 is the gap interval between two turns of the solenoid coil 
With an AC current, the resistance of the coil to the current will increase due to the 
skin effect and the proximity effect. 
The skin effect is because of the magnetic field generated by the AC current on the 
wire. The magnetic field expels the current from the centre of the wire, forcing the 
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current to concentrate near the surface of the wire, forming a current “skin” within the 
wire [171]. The term skin depth describes the depth under the wire surface where the 
current density becomes 1/e of the current density on the surface of the wire. The skin 
depth can be calculated as [183], 




The skin effect reduces the effective cross section area of the wire, which results in 
an increase of the resistance of the wire.  
The proximity effect occurs when AC currents are conducting through adjacent wires. 
The magnetic field generated by the AC currents of one of the wires expels or attracts 
the AC currents of another wire [184], forcing the currents to concentrate on one side 
of the wires, which will also cause an increase of the resistance of the wires. 
The AC resistance of a coil caused by the skin effect and proximity effect can be 
written as [185], 
 𝑅𝐴𝐶 = 𝑅𝐷𝐶𝛯𝛤 (2.136) 
where  
• 𝑅𝐷𝐶 is the DC resistance of the solenoid coil 





 and 𝛿 is the skin depth in (2.135) 
• Γ is the proximity factor 
To predict the resistance of a long solenoid coil (𝑁 > 30), R.G. Medhurst [177], 
summarised a table of values for the proximity factor Γ (as shown in AppendixA3. ) 
for different ratios of solenoid length/solenoid diameter and gap interval/wire diameter.  
Based on R.G. Medhurst’s empirical data,  avid W. Knight further develops the 
formula with short-coil correction, which can be written as [185], 
 𝑅𝐴𝐶 = 𝑅𝐷𝐶 [1 + (𝛯 − 1)𝛤





where N is the number of coil turns. 
This formula will be able to give a prediction of AC resistance in less than 3% error 




than 0.1 and operational frequency below SRF.  
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An example of the AC resistance against the number of coil turns N and against gap 
interval p are shown in Figure 2.3-26 and Figure 2.3-27 with coil parameters same as 
in the lab experiment. 
 
Figure 2.3-26 Calculated AC resistance against number of coil turns N with diameter 
of coil Dloop = 20 cm, gap interval between coil turns p = 1.2 cm, internal relative 
permittivity 𝑖 = 2.7 (Acrylic) and external relative permittivity 𝑥 = 1 (air) 
 
Figure 2.3-27 AC resistance against gap interval between coil turns p with diameter 
of coil Dloop = 20 cm, number of coil turns N = 6, internal relative permittivity 𝑖 = 2.7 
(Acrylic) and external relative permittivity 𝑥 = 1 (air) 
With a fixed diameter and a fix gap interval, the AC resistance of the solenoid coil and 
the number of turns is in direct proportion, which is expected as any additional turn 
adds the same amount of resistance to the total resistance.  
The curve for the AC resistance against gap interval is not smooth because the table 
of proximity factor set by Medhurst is discrete between different ratios of solenoid 
length/solenoid diameter and gap interval/wire diameter. The proximity effect for close 
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turn coils is rather strong. As seen in Figure 2.3-27, as the gap interval p increases 
from 1 mm to 6 mm, the AC resistance drops sharply from over 4 Ω to just over 1 Ω.  
The AC resistance of a one-turn coupling coil is therefore calculated as  








The AC resistance of the primary coil is therefore calculated as 
 
𝑅𝐴𝐶 = 𝑅𝐷𝐶 [1 + (𝛯 − 1)𝛤








[1 + (𝛯 − 1)𝛤






2.3.4 EM regions, EM Wave Attenuation in Tissue and EM exposure Limit 
Key points of this section 
• The definition of Near field is introduced. 
• Electromagnetic field will attenuate in conductive media, such as 
human tissues. 
• IEEE EM field exposure standard limits are introduced. 
2.3.4.1 The propagation of EM field from a small circular loop in free space 
For a small circular loop (
𝐷𝑙𝑜𝑜𝑝
2
≪ 𝜆0) in free space, the magnetic field components can 
































• 𝛽0 is the phase constant of free space, 𝛽0 = 𝜔 𝑐⁄ = 2𝜋 𝜆0⁄  
• ℎ is the transfer distance 
In the formula, different components of 1 ℎ𝑛⁄  corresponds to different patterns of 
magnetic field components [186]:   
1 ℎ⁄  variation: radiation component 
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1 ℎ2⁄  variation: induction component in the radiating near field 
1 ℎ3⁄  variation: magnetostatics component in the reactive near field 
At different values of h, the weight of different components of 1 ℎ𝑛⁄  will be different, 
and one of the components will be heavier than the rest of the components. 
It can therefore be able to have a rough distinguish on the different regions of 
generated field, which is shown in Table 2.3-1. 
Near field ℎ < 𝜆0 




Radiative near field 
𝜆0
2𝜋
< ℎ < 𝜆0 
Transition field 𝜆0 < ℎ < 2𝜆0 
Far field ℎ > 2𝜆0 
Table 2.3-1 Range of distance for different kinds of fields  
If only the reactive near field is considered and it is in a conductive medium with a 











where γ is the propagation constant [186], 






• 𝑓 is the frequency of the generated magnetic field 
• µ0 is the permeability of vacuum 
• µ𝑟 is the relative permeability of the media to the permeability of vacuum 
• Ɛ0 is the dielectric constant (permittivity) of vacuum 
• Ɛ𝑟 is the relative dielectric constant (permittivity) of the media to the permittivity 
of vacuum 
• 𝜌𝑚 is the resistivity of the media 
As the propagation constant is a complex value, it can be represented by a 
combination of real component and imaginative component γ = α + 𝑗𝛽, where α is the 
attenuation factor due to power dissipation in the medium, 
 
67 



























𝛽 is phase constant of the medium, 



























For an EM field in a conductive media, the phase constant and the wavelength has 
the following equation [186], 
 𝛽𝑔 = 2𝜋 𝜆𝑔⁄  (2.147) 
The wavelength of EM field in a conductive medium with a relative dielectric constant 














Because the relative dielectric 𝑟 is more than 1, the wavelength 𝜆𝑔 of EM field in a 





2.3.4.2 Attenuation effect in a wireless power transfer system for medical implants 
The same analysis can be applied to the WPT system for medical implants. 
If only the area around the receiver coil within the human body is considered, human 
tissue can be regarded as a homogeneous medium with no sharp edges and rough 
surfaces with uniform electric and magnetic properties. 















1 300 2000 0.4 347 89 
6.7 44.78 300 0.55 115 29 
10 30 160 0.625 76 23 
13.5 22.22 150 0.615 54 20 
27.12 11.06 113 0.612 51 14 
40.68 7.38 97.3 0.693 41 11 
100 3 71.7 0.889 22.67 6 
Table 2.3-2 Properties of Electromagnetic waves in biological media for muscle, skin 
and tissue of high wave content [187][188] 
If only the magnitude of the magnetic field is considered, the actual magnetic field in 
the human body can be calculated as [186] 
 |𝐻𝑧−𝑎𝑡𝑛| = |𝐻𝑧|𝑒
−𝛼ℎ (2.149) 
where  
• h is the transfer distance in the media 
• Hz is the magnetic field strength in free space in the axial direction  
An example of the attenuation effect of a magnetic field in a medium is shown in 
Figure 2.3-28 and Figure 2.3-29. As the frequency of the magnetic field increases, the 
attenuation effect will be stronger, which means the field will become weaker in the 
medium. This is primarily due to the conduction current 𝐽 = σE  induced by the 
magnetic field in the conductive tissues, according to the Faraday’s law. The induced 
electric field will be stronger at a higher frequency, which causes a higher conduction 
current, and thus a higher heat loss at the tissue. Moreover, the magnetic field will 
become weaker as the transfer distance into the medium increases. This is called the 
skin effect because the EM field seems only to exist at the surface or skin of the 
medium. The reciprocal of the attenuation factor α is called the skin depth, at which 




Figure 2.3-28 Attenuation of magnetic field against frequencies at different transfer 
distances (10 cm, 15 cm, 20 cm) in a uniform conductive material with a frequency-
independent high dielectric constant (𝜎=0.625 S/m, Ɛ𝑟=160) 
 
Figure 2.3-29 Attenuation of magnetic field against transfer distance at different 
frequencies (5 MHz, 10 MHz, 15 MHz) in a uniform conductive material with a 
frequency-independent high dielectric constant (𝜎=0.625 S/m, Ɛ𝑟=160) 
Even though the theoretical analysis shows that body tissues will cause severe 
attenuation effect, some of the previous researches show a different result. In [189], 
both the experiment and the HFSS analysis show that the tissue attenuation effect is 
negligible in a 1cm thick layer of beef sirloin. Only 1.7% to 4.3% of efficiency drop has 
occurred. In [126], it is reported that only a 6.2×10-2% of efficiency decrease has 
occurred with a pork chop between the TX coil and the RX coil at a transfer distance 
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of 7 cm. In [122], no noticeable attenuation effect is obtained for a transfer distance 
up to 15 cm in the body of a rabbit. 
Therefore, the theoretical attenuation results will be treated as the worst cases, and 
the calculation results of magnetic field strength or induced voltage in the later 
analysis with a consideration of media attenuation will be seen as the bottom-bounded 
results.  
2.3.4.3 The field strength limit on human tissue 
As a time-changing magnetic field will induce conduction currents in conductive media, 
it will lead to heating problems in the human body in the wireless power transfer 
system for medical implants. 
From Faraday’s law [171],  
 ∮𝑬 ∙ 𝑑𝒍 = −∬
𝜕𝑩
𝜕𝑡
∙ 𝑑𝑺 (2.150) 
Assume S is a small circular area with diameter D, and l is its circumference, so that 
the magnetic flux density is uniform across the area. (2.150) becomes, 











As the current density J is equal to 
 𝐽 = 𝜎𝑚𝐸 (2.153) 
where 𝜎𝑚 is the conductivity of the medium, 










This power will be dissipated in the form of heat, causing rising temperature in the 
tissue of human body, which can lead to serious problems.  
The IEEE has introduced EM field exposure standards to limit EM radiation to the 
public, which can be seen in [144]. According to the IEEE standard C95.1-2005, two 
restrictions are introduced, basic restrictions (BR) and maximum permissible 
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exposure (MPE). The basic restrictions are exposure restrictions based on known 
health effects, while MPE corresponds to the highest root-mean square (RMS) value 
or peak electric or magnetic field strengths. If an exposure is proven to below the 
basic restrictions, the MPE can be exceeded [144]. However, the value of BRs should 
be followed strictly to avoid serious problem. A guidance of MPEs for inductive power 
transfer is shown in Table 2.3-3. At 8 MHz, the MPE is 40.75 A/m. 
Frequency HMaxRMS (A/m) Limit 
3-3.35kHz 547/fkHz Electrostimulation 
3.35kHz-2MHz 163 Electrostimulation 
2-30MHz 326/fMHz Heating 
30-100MHz 3166/𝑓𝑀𝐻𝑧
1.668 Heating 
100-400MHz 1.588 Heating 
Table 2.3-3 MPEs of magnetic field in RMS for inductive power transfer [144], for 
general population. 𝑓𝑀𝐻𝑧
1.668means the value of frequency in MHz unit to the power of 
1.668. 
In Table 2.3-4, SAR is the specific absorption rate, which is the time derivative of the 
differential energy (dW) absorbed by (dissipated in) an differential mass (dm) 


















Extremitiesc and pinnae 
4b 20b 
aBR for the general public when an RF safety program is unavailable 
bAverage over ang 10 g of tissue (defined as a tissue volume in the shape of a 
cube) 
cThe extremities are the arms and legs distal from the elbows and knees, 
respectively 
Table 2.3-4 BRs for frequencies between 100 kHz and 3 GHz [144] 





where 𝜌 is the mass density of the tissue. 
For the wireless power transfer system for medical implants, the localized exposure 
limit for people in controlled environments is considered. In the IEEE guideline [144], 
the SAR limits are 4 W/kg for any 10 g of tissues at the limbs for a general public 
exposure; 1.6 W/kg for any 1 g of tissue in the rest part of the body. In the ICNIRP 
guideline [190], the SAR limits are 2 W/kg for any 10 g of tissues at the head and trunk 
for a general public exposure; 4 W/kg for any 10 g of tissues at the limbs.  
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Although the guidelines relate the SAR limit to the magnetic field strength, researchers 
do not seem to reach an agreement on the effect of EM field on the human body 
tissues. In [191], no outstanding health effect was found in the analysis of people who 
were exposed to high-frequency EM fields with a few mW/cm2 density. At a frequency 
less than 20 MHz, the SAR is less than 0.015 W/kg with an EM field of 1 mW/cm2 
density. A similar conclusion is obtained by [192], in which global-Communication-
amplitude-level pulsed waves and continuous waves were applied to brain tissues, 
and no obvious risk effect on health was found. 
In this thesis, MPE (i.e., maximum permitted magnetic field strength) will mainly be 




2.4 Summary of this chapter 
In this section, various theories and factors determining/affecting the wireless power 
transfer system have been discussed.  
The basic laws, including Biot- avart law and  araday’s law, have been introduced. 
Biot-Savart law describes the strength and direction of the magnetic field generated 
by an electric current. This is the basis of operation of the transmitter coil in a wireless 
power transfer system.  araday’s law describes the induction of electromotive force 
by a time-varying magnetic field, which is the basis of operation of the receiver coil in 
a wireless power transfer system.  
Besides the basic laws, three different factors affect the performance of the wireless 
power transfer system. The application of an L-C resonant circuit in the transmitter 
and receiver circuits will minimise the impedance caused by the inductors of the 
circuits and help to generate 
• a higher magnetic field strength in the transmitter  
• a higher output voltage at the receiver coil terminal 
The practical inductor model helps to predict the self-capacitance, self-resonance 
frequency, parasitic capacitance and self-resistance of a solenoid coil theoretically. 
This will be used in the determination of the operational frequency and the generated 
magnetic field strength in the transmitter. The discussion of propagation of EM field 
in the chosen medium (the human body) introduces the region of the near field of a 
transmitter. Moreover, it indicates the attenuation of EM field in conductive media in 
the form of heat, which means the magnetic field will be weakened inside a human 
body. The temperature rise caused by the heat loss in the human body could cause 
a potential hazard to the person. This is why the IEEE exposure limit is introduced.  
In the following section, these laws and theories will be applied to calculate the 
magnetic field strength generated by a solenoid coil theoretically and to analyse how 
different physical parameters in a solenoid coil will change the field. Based on the 
analysis, an optimum set of dimensional parameters of a solenoid coil will be 
presented to achieve a maximum field strength at certain transfer distances. In 
addition, design flows for a solenoid transmitter coil will be introduced for a weakly 




Chapter 3 Models and Designs for the 
Magnetic Coupling Resonance Wireless 
Power Transfer System for deep implanted 
medical devices 
3.1 Transmitter coil model 
Key aims of this section 
To maximise the generated magnetic field strength at the receiver,  
(1) by maximising the current through the transmitter primary coil 
and 
(2) by choosing an appropriate coil structure for the transmitter coil 
3.1.1 Introduction 
For the wireless power system for micro-implants, the design and analysis of the 
transmitter can be divided into two stages.  
• Maximise the current going through the transmitter coil so that the generated 
magnetic field can be maximised, according to the Biot-Savart law.  
• Maximise the generated field strength at the receiver coil, which is between 
5cm to 20cm away from the transmitter coil.  
With a fixed range of operational frequency and a limited range of input voltage, the 
first stage is related to the circuit components, impedance matching and the shape of 
coils in the transmitter; the other one is related to the shape of coils and the media at 
which the generated field is located.  
3.1.2 Maximisation of current in the transmitter primary coil 
Key aims of this section 
• To maximise the current in the transmitter primary coil, a single-turn 
coil is used as the coupling coil; the coupling coil and the primary coil 
are strongly coupled together. 
• Both the coupling coil and the primary coil are L-C circuits which 




• When the mutual inductance between the coupling coil and the primary 
coil is at a certain value, the resulting current at the primary coil is the 
highest and will be higher than the current with the primary coil 
connected directly to the power source. 
As shown in the block diagram in Figure 2.1-1, the transmitter consists of two coils, 
the coupling coil and the primary coil. This forms a 3-coil WPT system with two coils 
as a transmitter and one coil as a receiver. The reason for a 3-coil WPT system is 
because of the ease of tuning and impedance matching of the single-turn coupling 
coil. If the multi-turn primary coil is connected directly to the power source, the values 
of the tuning inductor and capacitor and even the impedance matching network will 
have to be recalculated to match the resonant frequency when the parameters of 
primary coil are changed. What’s more, from previous literatures as discussed in 
Section 1.2.3, a 3-coil WPT system is proved to have a higher efficiency than a 2-coil 
system if proper designed. Therefore, a 3-coil system is used in this design.  
The coupling coil is a one-turn coil connected to the signal generator and a resonator 
which is basically an L-C circuit. The primary coil is a multi-turn coil connected to a 
variable capacitor, which forms an L-C resonant circuit. The coupling coil and the 
primary coil are strongly coupled together. Both the resonator and the variable 
capacitor are tuned so that the coupling coil circuit and the primary coil circuit resonate 
at the same frequency. In operation, the coupling coil creates a magnetic field at this 
frequency. The magnetic field is then coupled with the primary coil, which resonates 
and creates a corresponding magnetic field. This field will be picked up by the receiver 
coil and creates a voltage across it. An equivalent circuit of the transmitter is shown 
in Figure 3.1-1 with the symbols introduced in Table 3.1-1. 
 





R       
 
R      
RR    
       
       
R      
RR    
        
 
R       
R       
 
      
 
76 
Symbol Component Symbol Component 
RSource Output impedance of  
signal generator 
RRad-C Equivalent radiation resistor 
of coupling coil 
LResonant Tuning inductor at coupling 
coil circuit  
RRad-P Equivalent radiation resistor 
of primary coil 
CResonant Tuning capacitor at coupling 
coil circuit  
LCouple Equivalent inductor of 
coupling coil 
RLOSS-C Equivalent heat-loss resistor 
of coupling coil 
LPrimary Equivalent inductor of  
primary coil 
RLOSS-P Equivalent heat-loss resistor 
of primary coil 
CPrimary Variable capacitor at  
primary coil circuit 
M Mutual inductance between coupling coil and primary coil 
Table 3.1-1 Symbols and their corresponding components in the transmitter circuit 
shown in Figure 3.1-1 
To simplify the analysis, a bidirectional reflectance impedance analysis is used, with 
which the voltage source and the impedance of one side of the coupled coils are 
reflected to the other side [193][194]. The simplified equivalent circuits are shown in 
Figure 3.1-2 and Figure 3.1-3. 
 
Figure 3.1-2 Equivalent circuit of the transmitter with the coupling coil circuit 
reflected to the primary coil circuit; VPrimary is the voltage at the primary coil circuit, 
which is linked to the coupling coil circuit; Z’Ccouple is the reflected impedance of the 
coupling coil circuit to the primary coil circuit. 
 
Figure 3.1-3 Equivalent circuit of the transmitter with primary coil circuit reflected to 
coupling coil circuit; Z’Primary is the reflected impedance of the primary coil circuit to 
the coupling coil circuit. 
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 𝑍𝐶𝑜𝑢𝑝𝑙𝑒 = 𝑅𝐿𝑜𝑠𝑠−𝐶 + 𝑅𝑅𝑎𝑑−𝐶  (3.3) 





 𝑍𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 𝑅𝐿𝑜𝑠𝑠−𝑃 + 𝑅𝑅𝑎𝑑−𝑃 (3.5) 
The amplitude of current at the primary coil circuit can thus be calculated as 
 𝐼𝑃𝑟𝑖𝑚𝑎𝑟𝑦 =
𝑉𝑃𝑟𝑖𝑚𝑎𝑟𝑦
𝑍′𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑅𝐿𝑂𝑆𝑆−𝑃 + 𝑅𝑅𝑎𝑑−𝑃
 (3.6) 
















the current at the primary coil reaches the maximum. By combining (3.6) and (3.8), 







The above analysis, however, cannot guarantee the maximum power is delivered 
from the signal generator, because the impedance of the source has not yet been 
matched to the transmitter circuit. To solve this, a T impedance matching network is 
connected between the source and the transmitter circuit, as shown at the top circuit 




Figure 3.1-4 (Left) equivalent circuit of transmitter with a T impedance matching 
circuit (CM1, CM2, LM) and (right) equivalent circuit from transmitter coils side. VIN’ is 
the equivalent input voltage source of the equivalent circuit and Z’Source is the 
equivalent source impedance. 





 𝑍𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 𝑅𝐿𝑜𝑠𝑠−𝑃 + 𝑅𝑅𝑎𝑑−𝑃 (3.11) 
 𝑍𝐶𝑜𝑢𝑝𝑙𝑒 = 𝑅𝐿𝑜𝑠𝑠−𝐶 + 𝑅𝑅𝑎𝑑−𝐶 (3.12) 
Because of the impedance matching circuit, 
𝑅′𝑆𝑜𝑢𝑟𝑐𝑒 = 𝑍𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑍′𝑃𝑟𝑖𝑚𝑎𝑟𝑦 (3.13) 
With the impedance matching network, from the transmitter coils side, the signal 
generator becomes a voltage source in series with a new source resistor R’Source, as 
shown at the bottom circuit in Figure 3.1-4. 
By combining (3.10) (3.11) (3.12) and (3.13), 













By combining the (3.14) and (3.15), after some arrangements, the current at the 









(3.16) shows that when  
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The voltage VIN’ is the equivalent voltage source from the output port of the 
impedance matching circuit. Its actual value is dependent on the type and the 
component parameters of the chosen impedance matching circuit, which is discussed 
in Section 2.3.2. 
For solenoid coils, the radiation resistance can be calculated as [195], 







• N is the number of turns of the solenoid coil 
• C is the circumference of the turn of coil 
• 𝜆 is the wavelength of the operational frequency 
For solenoid coils with diameters within 30cm, the radiation resistance at a few MHz 
is at the milli-ohms level, which is much less than the coil AC resistance caused by 
heat loss (from a few ohms to a few tens of ohms). Therefore, the current in (3.18) 





Even though the maximum current at the primary coil is obtained, it should be noted 
that the dependence of coil AC resistance on the coil physical shape parameters (coil 
diameter, gap interval, wire thickness, number of turns) will be different with different 
physical shapes.  
3.1.3 The maximisation of magnetic field from a solenoid coil as the primary coil 
Key aims of this section 
• The strength of the magnetic field at the receiver is related to the 
dimensional parameters of the primary coil, which includes the turn 
number, the diameter, the gap interval and the wire thickness. 
• A model of solenoid coil is built to predict the Hz at a distance from the 
coil based on the input voltage and the dimensional parameters. 
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• The magnetic field at the receiver from the primary coil can be 
regarded as a superposition of generated magnetic fields from multiple 
single-turn loops. 
• Together with the expression of maximum primary coil current, the 
magnetic field at a distance from the primary coil can be calculated 
with the expression obtained from Biot-Savart Law. 
 
Figure 3.1-5 Schematic illustration of the relative position of primary coil and 
receiver coil and key parameters for magnetic field strength calculation 
According to the Biot-Savart law, the magnetic field at the 𝑧-direction generated by a 
single-turn loop can be calculated, which is discussed in 2.2.1. For a multiturn circular 
coil, as the primary coil shown in Figure 3.1-5, the generated magnetic field can be 
regarded as a superposition of the magnetic fields generated by each turn of coil, 
while every turn of coil can be regarded as a single-turn circular closed loop. Therefore, 
with media attenuation considered, the generated magnetic field of the primary coil at 




























𝑒−𝛼ℎ𝑁𝑃𝑟𝑖  (3.21) 
where 
• 𝐻𝑧  is the magnetic field strength generated by the primary coil at the z-
direction 
• 𝑁𝑃𝑟𝑖 is the number of turns of the primary coil 
• 𝐼𝑃𝑟𝑖𝑚𝑎𝑟𝑦 is the RMS current flowing at the primary coil 
• 𝐷𝑃𝑟𝑖 is the diameter of the primary coil 
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• ℎ𝑖 is the distance between the turn i and the receiver 
• ℎ𝑁𝑃𝑟𝑖 is the distance between the turn Npri and the receiver 
• 𝛼 is the attenuation factor 





In the expression,  
• 𝑉𝐼𝑁′ is the RMS input voltage to the coupling coil 
• 𝑅𝐴𝐶−𝐶 is the AC resistance of the coupling coil 
• 𝑅𝐴𝐶−𝑃 is the AC resistance of the primary coil 
By combining (3.21) (3.22), the strength of the magnetic field generated by the primary 






























𝑒−𝛼∙ℎ𝑁𝑃𝑟𝑖  (3.23) 
The parameters are categorised in Table 3.1-2. 
Parameters from the primary coil 
Parameters from the media and 
conductor 
Name Symbol Name Symbol 
wire diameter 𝑑𝑤𝑖𝑟𝑒 resistivity of the wire 𝜌𝑤𝑖𝑟𝑒 
RMS input voltage to 
the coupling coil 
𝑉𝐼𝑁′ 
resistivity of the 
media (human body) 
𝜌𝑚 
operational frequency 𝑓 
relative dielectric 
constant of the media 
(human body) 
Ɛ𝑟 




of the media  
(human body) 
µ𝑟 
gap interval between 
every two turns at the 
primary coil 
p   
diameter of the 
primary coil 
𝐷𝑃𝑟𝑖   
distance between the 
end of the primary coil 
and the receiver coil 
(transfer distance) 
ℎ𝑁𝑃𝑟𝑖   
Table 3.1-2 List of parameters of the expression 
Now that we have a theoretical model of the magnetic field, it is important to find out 
how well it reflects reality. In the next section, the theoretical results obtained from 
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this model will be compared with the experimental results obtained from the 
measurement of the magnetic field generated by actual solenoid coils in different 
dimensional parameters.   
3.1.4 Comparison of magnetic field strength between theoretical results and 
measurement  
Key aims of this section 
• The magnetic field strengths are measured against a range of distance 
from the primary coil in the experiment. 
• Three different parametric setups are done: variable primary coil 
diameters, variable gap interval between turns and variable number of 
turns. 
• Experimental results are compared against the theoretical results. 
3.1.4.1 Experiment apparatus setups and calculation parameters 
As shown in Figure 3.1-6, the experiment devices consist of a signal generator, a 
power amplifier, an impedance matching network, the transmitter coils, a magnetic 
field probe and a spectrum analyser. The detailed series and functions of the devices 
are listed in Table 3.1-3. The pictures of the devices are shown in Appendix A1.  
 
Figure 3.1-6 Experimental setup for measuring magnetic field strength generated by 
transmitter, with the primary coil in the figure as transmitter coil 
During the experiments, the variable capacitor is adjusted for each coil so that the L-
C circuit can resonate at the same frequency. The distance between the coupling coil 
and the primary coil is adjusted for each coil for best coupling. The signal generator 
and the impedance matching network are set so that the RMS input voltage of the 
coupling coil is 1 V, and the output frequency is 8.33MHz, which is in the operational 
range of the power amplifier. The magnetic field probe is located at the axis of the 
primary coil. The spectrum analyser is set to measure the strength of the magnetic 
field. The signal generator, power amplifier and the spectrum analyser are grounded. 
A connection is made with coaxial cables. The parameters in the experiment are listed 
in Table 3.1-4. 
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Device Series Functions 
Signal generator FeelTech FY3200S 
Generate input sinusoidal signals 
at a specific frequency 
Power amplifier 
EATON 5001 
(0.01 to 10 MHz) 





Measure the magnetic field and 




(100 Hz to 1.5 GHz) 
Obtain the magnetic field strength 
measurement readings 
Table 3.1-3 List of devices used in the experiments. Pictures of the devices are 
shown in Appendix A1. 
Name Symbol Value 
wire diameter 𝑑𝑤𝑖𝑟𝑒 1 mm 
RMS input voltage to the 
coupling coil 
𝑉𝐼𝑁′ 1 V 
operational frequency 𝑓 8.33 MHz 
resistivity of the wire 
(copper) 
𝜌𝑤𝑖𝑟𝑒 1.72×10
-8 Ω ∙ 𝑚 
Table 3.1-4 List of values for parameters in the calculation 
3.1.4.2 Variable primary coil diameters 
The magnetic field strength against transfer distance is measured from three different 
primary coil diameters, which are 20 cm, 30 cm and 40 cm, respectively. All the coils 
have 4 turns and a gap interval of 1 cm between turns. Figure 3.1-7 shows the 
measurement results and the theoretical results for each test. The measurement 
results have an error of 0.5 dBA/m, and they agree with the calculation results closely.  
 
Figure 3.1-7 Comparison of theoretical result and experimental result of magnetic 
field strength in a transfer distance ranging between 0 and 30 cm from a solenoid 
transmitter coil with a gap interval of 1 cm, and 4 turns and three different diameters 
20 cm 30 cm and 40 cm  
As shown in Table 3.1-5, the root-mean-square errors (RMSE) between the 


















Dtx=20cm, calculation Dtx=20cm, experiment Dtx=30cm, calculation
Dtx=30cm, experiment Dtx=40cm, calculation Dtx=40cm, experiment
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0.2 dBA/m, which is less than 2% of the average of the obtained measurement results. 
However, RMSE puts higher weight in the results with high values and cannot reflect 
the difference between results with lower values. To solve this problem, the 
standardised root-mean-square error (SRMSE) is calculated. It divides the error by 
the corresponding measurement result before squaring to balance the weight of error 
for all values. As shown, the SRMSE of DTx=40 cm is higher because of the higher 
measurement results in the distance 27 cm and 30 cm. 
Experiments DTx=20 cm DTx =30 cm DTx =40 cm 
RMSE (dBA/m) 0.106 0.193 0.211 
SRMSE 0.037 0.014 0.041 
Table 3.1-5 Root-mean-square error (RMSE) and standardised root-mean-square 
error (SRMSE) between the theoretical results and the experimental results for the 
variable primary coil diameters test 
In a whole, the theoretical model of the primary coil has produced results with good 
agreement to the experimental results fora transfer distance within 30 cm when N=4 
and p=1 cm for solenoid coil. 
3.1.4.3 Variable gap interval between turns on primary coil 
In this test, the magnetic field strength against transfer distance is measured from 
three different gap intervals between turns of the primary coil. The gap intervals are 1 
cm, 3.5 cm and 5.5 cm, respectively. All the coils have 4 turns and a diameter of 30 
cm. As shown in Figure 3.1-8, for all three gap intervals, the measurement results 
show good agreements with the theoretical results for a distance range within 24 cm.  
 
Figure 3.1-8 Comparison of the theoretical result and experimental result of the 
magnetic field strength in a transfer distance ranging between 0 and 30 cm from a 
solenoid transmitter coil with a diameter of 30 cm, and 4 turns and three different 
gap intervals 1 cm, 3.5 cm and 5.5 cm 
The experiment results have an error of 0.5 dBA/m. As seen in Table 3.1-6, the 


















p=1 cm, 3.5 cm and 5 cm
p=1cm, calculation p=1cm, experiment p=3.5cm, calculation
p=3.5cm, experiment p=5.5cm, calculation p=5.5cm, experiment
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2.5%. However, for distance more than 24 cm, the measurements are obviously 
higher than the theoretical results, especially for p=3.5 cm and p=5.5 cm. These 
contribute to a much higher overall SRMSE for these two tests, which are almost 5 
times and 10 times higher than the SRMSEs within 24 cm, respectively. The reason 
for these can be that as the length of the solenoid coil becomes larger, the effect from 
the midfield region components becomes more obvious at the same transfer distance 
near the midfield region, which is discussed in Section 2.3.4.1. As the theoretical 
model has not involved the midfield region components, the theoretical results are 
lower than the measurement results near the midfield region.  
Experiments p=1 cm p=3.5 cm p=5.5 cm 
RMSE (dBA/m) 0.193 0.319 0.322 
SRMSE 0.014 0.074 0.215 
SRMSE within      
24 cm 
0.010 0.015 0.024 
Table 3.1-6 RMSE and SRMSE between the theoretical results and the 
experimental results for the variable primary coil gap interval test 
From the comparisons in Section 3.1.4.1 and Section 3.1.4.2, it can be seen that the 
experiment results and calculation results have better agreement for a smaller coil 
diameter, a narrower gap interval and a shorter transfer distance. For a gap interval 
between turns less than 5.5 cm, the measurement results and the theoretical results 
show good agreement when the transfer distance is less than 24 cm for the solenoid 
coil with 4 turns and a diameter of 30 cm. The difference between measurement 
results and calculation results become larger when the value of the parameters (i.e., 
transfer distance, gap interval, coil diameter) increases. For example, the 40cm-
diameter coil will have a large difference between measurement results and 
calculation results with p=5.5 cm than the 30 cm-diameter coil with the same gap 
distance at 30 cm transfer distance. Therefore, for accurate prediction of magnetic 
field strength, the range of parameters of the built model should be constrained. In 
detail, the transfer distance should be less than 24 cm, the gap interval should be less 
than 5.5 cm, and the coil diameter should be less than 30 cm. 
3.1.4.4 Variable number of turns on primary coil 
In this test, the magnetic field strength against transfer distance is measured from four 
different numbers of primary coil turns. The numbers of turns are 2, 4, 6, and 8, 
respectively. All the coils have a gap interval 1 cm and a diameter of 20 cm.  
Figure 3.1-9 shows the experiment results with an error of 0.5 dBA/m, and the 




Figure 3.1-9 Comparison of theoretical result and experimental result of magnetic 
field strength in a transfer distance ranging between 0 and 30 cm from solenoid 
transmitter coils with a diameter of 20 cm, gap interval of 1 cm and number of turns 
of 2, 4, 6, and 8. Cal is calculation; Mea is measurement. 
However, in the Table 3.1-7, it can be seen that the Standardised Root-Mean-Square 
Errors (SRMSEs) for the tests of 2, 6, 8 turns are all comparatively high, especially 
for the test of 8 turns, which reaches up to 1.277. The reason for these owes to the 
measurement errors at some samples. For example, the difference/measurement 
result at 27 cm for turns of 8 is up to 16.2, which has pulled up the overall SRMSE 
value. If the most outstanding error for each test is taken away, a much lower SRMSE 
value is obtained for each test. As can be seen, the SRMSE of the 8-turn test drops 
from 1.277 to 0.089, and for the 6-turn test, from 0.322 to 0.035. The SRMSE of 2-
turn test, however, remains at around 0.15. If observed carefully, it can be found that 
there are actually two measurements that are vastly different from theoretical results, 
which are located at 24 cm and 27 cm. If both of them are taken away, the SRMSE 
becomes 0.062, which is in the acceptable range. 
Experiments N =2 N =4 N =6 N =8 
RMSE (dBA/m) 0.386 0.106 0.250 0.254 





0.15 0.024 0.035 0.089 
Table 3.1-7 RMSE and SRMSE between the theoretical results and the 
experimental results for the variable primary coil turn test 
Another thing to be noted is that the difference between measurements and 
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similar to the difference of results obtained in different gap interval. As discussed, the 
reason can be owing to the “heavier” mid-range field component at a far distance, 
which is not involved in the theoretical model. 
Overall, the measurement results and the theoretical results have good agreements 
in a number of turns ranging from 2 to 8 of the primary coil with a diameter of 20 cm 
and a gap interval between turns of 1 cm. 
3.1.5 Summary of this section 
In this section, a theoretical model has been developed to estimate the magnetic field 
strength at the axis of a solenoid coil with a single-turn coupling coil based on L-C 
resonance circuit theory and bidirectional reflectance impedance analysis. With the 
dimensional and electrical parameters of the wire and of the solenoid coil and an input 
voltage, the magnetic field strength at the axis of the coil can be calculated. The 
theoretical calculation results are compared with the experiment measurement results 
in transfer distances between 0 and 30 cm. For variable coil diameters (20 cm, 30 cm, 
40 cm), the difference is less than 4.1%; for variable gap intervals between turns (1 
cm, 3.5 cm, 5.5 cm), the difference is less than 2.4%; for a variable number of turns 
(2, 4, 6, 8), the difference is less than 15%. Because of the limited time and resource, 
only a limited number of variations in coil dimensional parameters have been tried. 
However, it is shown that the theoretical model is good enough to simulate the 
magnetic field strength for a solenoid coil with a diameter up to 40 cm, gap interval up 
to 5.5 cm, number of turns up to 8 at a transfer distance up to 24 cm or 30 cm 
depending on the length of the coil. These dimensional parameter ranges are 
sufficient in the design of the weakly coupled wireless power transfer system for 
micro-implants. Using this model, the optimum dimensional parameters of the 
solenoid coil can be predicted for a certain transfer distance, which will be discussed 




3.2 Transmitter design 
Key aims of this section 
• To determine the optimum set of parameters for the transmitter coil, 
the dependency relations between the parameters are theoretically 
analysed based on the formulas developed in Section 3.1. 
• Based on the dependency relations between the parameters, a “design 
flow” for a solenoid transmitter is introduced. 
• Optimum sets of parameters for the transmitter coil for different transfer 
distances are calculated. 
3.2.1 Introduction 
In the previous section, a theoretical model of the magnetic field around coupled 
solenoidal coils was introduced and verified by experiment for a range of coil 
dimensions. Based on this model, it is possible to determine the optimum dimensional 
parameters to obtain the highest magnetic field strength at specific transfer distances, 
so that a weakly coupled receiver coil in the wireless power transfer system can 
receive the highest possible power.  
However, before the calculation, it will be helpful to find out how the parameters affect 
one another to obtain the highest magnetic field strength. In other words, if one of the 
parameters changes, do the other parameters need to change to obtain the highest 
field strength? These “co-dependencies” are theoretically predicted using the 
formulas developed in Section 3.1.  
Based on the “co-dependencies” between parameters, a design flow to obtain the 
optimum dimensional parameters for certain distances can thus be obtained. This 
also leads to the design flow of the transmitter side of the weakly coupled wireless 
power transfer system. From this, the optimum parameters of the transmitter for 
different transfer distances can be calculated.  
3.2.2 Co-dependencies between parameters 
From Section 3.1.3, it is known that there are eleven parameters in the theoretical 
model. They are shown again in Table 3.2-1. It should be noted that not all the 
parameters need to be analysed as the focus in this section is the dimensional 
parameters of the primary coil. Therefore, the co-dependencies among four of the 





Parameters from the primary coil Parameters from the media and conductor 
Name Symbol Name Symbol 
wire diameter 𝑑𝑤𝑖𝑟𝑒 resistivity of the wire 𝜌𝑤𝑖𝑟𝑒 
RMS input voltage 
to the coupling coil 
𝑉𝐼𝑁 
resistivity of the 






constant of the media 
(human body) 
Ɛ𝑟 
number of turns of 
the primary coil 
𝑁𝑃𝑟𝑖 
relative permeability 




between two turns 
at the primary coil 
𝑝   
diameter of the 
primary coil 
𝐷𝑃𝑟𝑖   
distance between 
the end of primary 
coil and the receiver 
coil 
(transfer distance) 
ℎ𝑁𝑃𝑟𝑖   
Table 3.2-1 List of parameters in the theoretical model for generated magnetic field 
strength in Section 3.1.3 
number of turns of 
the primary coil 
𝑁𝑃𝑟𝑖 
gap interval between 
two turns at the 
primary coil 
𝑝 
diameter of the 
primary coil 
DTx 
distance between the 
end of primary coil 
and the receiver coil 
(transfer distance) 
ℎ𝑁𝑃𝑟𝑖 
Table 3.2-2 Dimensional parameters of the solenoid coil that are investigated 
The co-dependencies among these parameters will be investigated in the following 
order 
(1) DTx-hNPri, DTx-Npri, DTx-p 
(2) p-Npri, p-hNPri 
(3) Npri-hNPri 
The co-dependencies between the primary coil diameter and the transfer distance, 
the coil turn number and the gap interval between turns will be simulated first. Then, 
the co-dependencies between gap interval and coil turn number and transfer distance 
will be simulated. Lastly, the co-dependency between turn number and the transfer 
distance will be simulated. 
Because the attenuation factor in the magnetic field strength model is independent of 
the dimensional parameters of the primary coil, to simplify the calculation, these 
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simulations will exclude the attenuation factor in the media. Therefore, the parameters 
related to the human body will not be involved.  
The other parameters will be set as in Table 3.2-3. 
Name Symbol Value 
wire diameter 𝑑𝑤𝑖𝑟𝑒 1 mm 
input voltage to the 
coupling coil 
𝑉𝐼𝑁 1 VRMS 
operational frequency 𝑓 8.33 MHz 
resistivity of the wire 
(copper) 
𝜌𝑤𝑖𝑟𝑒 1.72 × 10
−8Ω ∙ 𝑚 
Table 3.2-3 List of values for other parameters in the simulations 
3.2.2.1 DTx-hNPri, DTx-Npri, DTx-p 
Key points of this section  
• The transfer distance between the primary coil and the secondary 
receiver coil plays a decisive role in determining the optimum primary 
coil diameter; a longer distance needs a larger size of primary coil. 
• With the other parameters being the same, a larger number of coil 
turns needs a larger optimum size of primary coil; while for the same 
size of primary coil, a larger number of coil turns does not always mean 
stronger field strength. 
• With the other parameters fixed, a larger coil separation needs a larger 
size of primary coil to optimise power transfer. 
(1) DTx-hNPri 
In this simulation, the primary coil diameter is the primary independent variable, and 
the transfer distance is the secondary independent variable. The number of turns on 
the primary coil is set to 4, and the gap interval between turns is set to 1 cm. 
Figure 3.2-1 shows that the generated magnetic field strength (H) as a function of 
primary coil diameters (DTx) for a range of transfer distances (hNpri). The transfer 
distances are set to 10 cm, 15 cm, 20 cm and 25 cm, respectively. The primary coil 
diameter is within the range of 0 to 0.5 m. For example, the top blue line is the 
magnetic field strength at a transfer distance of 10 cm when the diameter of the 




Figure 3.2-1 Magnetic field Hz vesus the primary coil diameter DTx for different 
lengths of tansfer distance hNpri with number of coil turns 𝑁𝑃𝑟𝑖 = 4, gap interval          
𝑝 =1 cm and input voltage 𝑉𝐼𝑁 = 1 VRMS 
For a fixed number of coil-turns and gap interval, the optimum primary coil diameter 
to achieve the highest magnetic field strength will change with transfer distance. The 
optimum primary coil diameters are shown in Table 3.2-4. As the target transfer 
distance increases, the optimum diameter increases. For Npri=4, the ratio between the 
optimum diameter and the transfer distance DTX/hNpri is around 1.5. The ratio 
decreases as the transfer distance increases. The value of the ratio is also dependent 
on the number of turns and gap interval between turns. When the number of turns 
doubles to 8, the optimum diameter value for each transfer distance increases. The 
ratio DTX/hNpri decreases from 1.72 to 1.58 as the transfer distance increases from 0.10 
m to 0.25 m.  
Transfer distance hNpri (m) 0.10 0.15 0.20 0.25 
Optimum diameter (m) for 
NPri = 4 
0.158 0.230 0.300 0.364 
DTX/hNpri for NPri = 4 1.58 1.53 1.5 1.46 
Optimum diameter (m) for 
NPri=8 
0.172 0.254 0.327 0.394 
DTX/hNpri for NPri =8 1.72 1.69 1.64 1.58 
Table 3.2-4 Optimum diameter values for different transfer distances with number of 




In this simulation, the primary coil diameter is the primary independent variable, and 
the number of primary coil turns is the secondary independent variable. The transfer 
distance is 10cm, and the gap interval between turns is set to 1 cm. 
Figure 3.2-2 shows that the generated magnetic field strength at the certain numbers 
of turns by the transmitter with a range of primary coil diameter. The numbers of turns 
are set to 1, 3, 5, 7 and 9, respectively. The primary coil diameter is within the range 
of 0 to 0.5 m. For example, the top green line is the generated magnetic field strength 
at a transfer distance of 10 cm by a 9-turn primary coil when the diameter of the 
primary coil varies from 0 to 1 m and the gap interval is set to 1cm. 
 
Figure 3.2-2 Magnetic field Hz versus primary coil diameter at different numbers of 
coil turn 𝑁𝑃𝑟𝑖 with transfer distance hNpri = 10 cm, gap interval 𝑝 = 1 cm and input 
voltage 𝑉𝐼𝑁 = 1V RMS  
Table 3.2-5 shows that the optimum diameters increases as the number of primary 
coil turns increases, which agrees with the result found in Table 3.2-4, where the 
number of turns changes from 4 to 8. This means that, in the design of primary coil, if 
the number of coil turns is adjusted, the coil diameter is needed to change as well to 




Turn number 𝑁𝑃𝑟𝑖 1 3 5 7 9 
Optimum diameter (m)  0.143 0.154 0.164 0.172 0.182 
Table 3.2-5 Optimum diameter values for different numbers of coil turn with the 
transfer distance = 10 cm, the gap interval 𝑝 = 1 cm and the input voltage 𝑉𝐼𝑁 = 1 
VRMS 
Another thing to notice is that the magnetic field strength is not proportional to the 
number of turns at the same primary coil diameter. When DTx is less than 0.19 m, the 
magnetic field strength for Npri=7 is higher than the strength for Npri=9, while for 
DTx>0.19 m, the magnetic field strength for Npri=7 is lower than the strength for Npri=9. 
This indicates that the number of turns is not “the more, the better”, and different 
values of diameter need different optimum numbers of turns to achieve maximum 
magnetic field strengths. The reason for this is that the decrease of magnetic field 
strength caused by the increase of AC resistance of the coil overpowers the increase 
of magnetic field strength caused by the increase of the number of turns at a high 
number of turns. Because the gap interval is a finite value, the extra turns are further 
away from the receiver. The increase of field strength at the receiver caused by the 
extra turns is thus weaker. The extra AC resistance caused by the extra turns lowers 
the current amplitude in the primary coil, causing the overall magnetic field to 
decrease.  
Moreover, the difference between two adjacent lines narrows as the number of turns 
increases, which indicates that the increase of turns will have a saturation effect up to 
a certain number of turns, with which the increase of turn number will have little effect 
or even negative effect on the increase of magnetic field strength. The reason for this 
is the same as the one mentioned in the last paragraph, which is mainly due to the 
increase in AC resistance when the turn number increases.   
(3) DTx-p 
In this simulation, the primary coil diameter is the primary independent variable, and 
the gap interval is the secondary independent variable. The transfer distance is 10cm, 
and the number of turns is set to 4. 
Figure 3.2-3 shows the generated magnetic field strength by the transmitter at 
different values of gap interval with a range of primary coil diameters. The gap 
intervals p is set to 2 mm, 4 mm, 6 mm, 8 mm and 10 mm, respectively. The primary 
coil diameter is within the range of 0 to 0.5 m. For example, the top red line is the 
generated magnetic field strength at a transfer distance of 10 cm by a 4-turn primary 
coil when the diameter of the primary coil varies from 0 to 0.5m, and the gap interval 




Figure 3.2-3 Magnetic field Hz versus primary coil diameter at different gap interval 𝑝 
with transfer distance hNpri = 10 cm, numbers of coil turn 𝑁𝑃𝑟𝑖 = 4 and input voltage 
𝑉𝐼𝑁 = 1 VRMS 
Table 3.2-6 shows that the optimum primary coil diameter to achieve the highest 
magnetic field strength increases as the gap interval p increases, which means the 
optimum gap interval is not independent of the coil diameter. When adjusting the 
primary coil gap interval, the primary coil diameter will need to adjust correspondingly 
to get the highest field strength. 
Gap interval p (mm) 2 4 6 8 10 
Optimum diameter (m)  0.146 0.151 0.155 0.156 0.159 
Table 3.2-6 Optimum diameter values for different gap intervals 𝑝 with the transfer 
distance = 10 cm, the number of coil turn 𝑁𝑃𝑟𝑖 = 4 and the input voltage 𝑉𝐼𝑁 = 1 VRMS 
Moreover, Figure 3.2-3 shows that there is a value of gap interval that will achieve a 
maximum magnetic field strength when other parameters are fixed, while other values 
of gap interval near the stationary value will have lower magnetic field strengths. As 
shown in Figure 3.2-3, the highest magnetic field strength is achieved at Hmax(p=4 mm), 
while the magnetic field strength of other gap intervals are all lower than this value. 
This means that as the gap interval p increases from 2 mm, Hmax will increase first, 
reach the highest value at a value of gap interval, and then decrease as the gap 
interval continues to increase. The reason for these is that for the gap interval lower 
than the stationary value, the proximity effect plays a dominant role, causing the AC 
resistance to increase “quickly” as the gap interval narrows, which is discussed in 
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Section 2.3.3.4 and can be observed in Figure 2.3-27; for the gap interval higher than 
the stationary value, the coil turns become further away from the field measurement 
point as the gap interval increases, causing the superposition of magnetic field to be 
weaker. This phenomenon will be revisited in the next section, where the gap interval 
will be the primary independent variable.  
3.2.2.2 p-N, p-hNPri 
Key points of this section 
• The gap interval between primary coil turns is independent of the 
transfer distance. 
• Because of the proximity effect, close wound coils are not optimum. 
• Because the distance between the receiver and the turns of the 
primary coil increases as the gap interval increases, the magnetic field 
will become weaker if the gap interval becomes too large. 
• With the other parameters being the same, different numbers of turns 
have the same optimum value of the gap interval. For different values 
of gap interval, the optimum number of turns can be different. 
(1) p-hNPri 
In this simulation, the gap interval is the primary independent variable, and the transfer 
distance is the secondary independent variable. The primary coil diameter is 10cm, 
and the number of turns is set to 4. 
Figure 3.2-4 shows the magnetic field strength generated by the transmitter at 
different transfer distances with a range of primary coil gap intervals. The transfer 
distances hNpri are set to 10 cm, 15 cm and 20 cm, respectively. The gap interval is 
within the range of 0 to 0.02 m. For example, the top blue line is the generated 
magnetic field strength at a transfer distance of 10 cm by a 4-turn primary coil when 
gap interval varies from 0 to 0.02 m, and the coil diameter is set to 10 cm. The 
discontinuity of the lines is due to the discrete parameters related to gap interval in 




Figure 3.2-4 Magnetic field Hz versus gap interval at different transfer distances with 
input voltage 𝑉𝐼𝑁=1 VRMS, number of turns 𝑁𝑃𝑟𝑖 = 4 and primary coil diameter=10 cm 
The magnetic field strength increases when the gap interval increases from 1 mm to 
2.52 mm and then decreases when the gap interval continues to increase. The reason 
for this has been discussed in the last section. For the transfer distances analysed 
here, the optimum gap interval is the same. Actually, the optimum gap interval to give 
the maximum magnetic field strength is the same for the whole range of transfer 
distance in consideration, which is expected, because with the diameter and coil turn 
number being the same, there is no additional field for superposition due to the 
change of gap interval. Because all the magnetic fields experience the same decrease 
against transfer distance to the power of three on the axis, and the coil with the highest 
field strength at one position on the axis should also have the highest field strength in 
all other positions. Therefore, it can be confirmed that the gap interval is independent 
of the transfer distance. 
(2) p-N 
In this simulation, the gap interval is the primary independent variable, and the number 
of turns is the secondary independent variable. The primary coil diameter is 10 cm, 
and the transfer distance is 10 cm. 
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Figure 3.2-5 shows the generated magnetic field strength by the transmitter at 
different numbers of turns with a range of primary coil gap intervals. The numbers of 
turns are set to 3, 6 and 9, respectively. The gap interval is within the range of 0 to 
0.02 m. For example, the top yellow line is the generated magnetic field strength at a 
transfer distance of 10 cm by a 9-turn primary coil when the gap interval varies from 
0 to 0.02 m, and the coil diameter is set to 10 cm. 
 
Figure 3.2-5 Magnetic field Hz against gap interval at different numbers of turns 𝑁𝑃𝑟𝑖 
with input voltage 𝑉𝐼𝑁=1 VRMS, transfer distance hPri=10 cm and primary coil 
diameter DPri = 10 cm 
The optimum gap intervals for the three different numbers of turns analysed here are 
the same to achieve the maximum magnetic field strength. However, this is not always 
the case. In Figure 3.2-6, with a diameter of 30 cm, for Npri=3, 4 and 5, the optimum 
gap interval is 5.01 mm, while for Npri=9, the optimum gap interval is 2.52 mm. By 
observation of different sets of simulations, it can be found that for coils with small 
diameters, the optimum gap interval will remain the same as the number of turns 
increase; for larger coils, the optimum gap interval will be one value for small numbers 
of turns, but it gradually shifts to another value as the number of turns increases. The 
problem is that due to the limitation of the theoretical model developed in this thesis, 
the calculations are presented in a discontinuous manner, which makes it difficult to 
observe the real trends of the change. However, it can be safely confirmed that the 
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optimum gap interval will increase for large coils when the number of turns decreases. 
For smaller coils, the change in the optimum gap interval due to the change of turn 
number is possibly too small that it is covered by the discontinuity in calculation. Once 
the change in the turn number is large enough, the change of optimum gap interval 
will be revealed. Therefore, it can be concluded that the change in the number of turns 
will affect the value of the optimum gap interval.   
 
Figure 3.2-6 Magnetic field Hz against the gap interval at different numbers of turns 
𝑁𝑃𝑟𝑖 with input voltage 𝑉𝐼𝑁=1 VRMS, transfer distance=10 cm and primary coil 
diameter = 30 cm 
3.2.2.3 Npri-hNpri 
Key points of this section 
• With the other parameters being the same, different transfer distances 
have different optimum numbers of turns. 
In this simulation, the number of turns is the primary independent variable, and the 
transfer distance is the secondary independent variable. The primary coil diameter is 
10cm, and the gap interval is 1cm. 
Figure 3.2-7 shows the magnetic field strength at different transfer distances with a 
range of numbers of turns. The transfer distances are set to 10 cm, 15 cm and 20 cm, 
respectively. The number of turns is within the range of 1 to 10. For example, the top 
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blue line is the magnetic field strength at a transfer distance of 10 cm by a primary coil 
with 1cm gap interval between turns when the number of turns varies from 1 to 10, 
and the coil diameter is set to 10 cm. 
 
Figure 3.2-7 Magnetic field Hz against the number of turns at different transfer 
distances with the input voltage 𝑉𝐼𝑁 = 1 VRMS, the gap interval=1 cm and the primary 
coil diameter=10 cm 
As shown, as the number of turns increases from one, the generated magnetic field 
will rise to a stationary point and then decrease as the number of turns continuous to 
increase. The reason for this is that any additional turns on the coil will add an extra 
magnetic field onto the present one, but it will also add AC resistance into the circuit. 
The additional AC resistance will cause the current in the coil to decrease and lower 
the overall field strength. When the number of turns is lower than the stationary point, 
the effect of additional fields is stronger than the effect of additional AC resistance; 
when the number of turns becomes higher than the stationary point, because the 
additional fields are further away from the measurement point, the effect of additional 
field strength is weaker than the effect of additional AC resistance. Therefore, the 
overall field strength will decrease.  
What is also shown is that the optimum number of turns of the primary coil is different 
for different transfer distances. As shown in Table 3.2-7, for the presented values of 
primary coil diameter and gap interval between turns, the optimum number of turns 
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increases as the transfer distance increases. For the same transfer distance, the 
optimum number of turns increases as the primary coil diameter increases. With 
different gap intervals, the optimum number of turns will be hugely different even with 
the same transfer distance and diameter. 
Transfer distance (cm) 10 15 20 
Optimum number of turns 
(DTx=5 cm, p=1 cm) 
5 7 10 
Optimum number of turns 
(DTx =10 cm, p=1 cm) 
6 8 10 
Optimum number of turns 
(DTx =20 cm, p=1 cm) 
8 10 12 
Optimum number of turns 
(DTx =20 cm, p=4 mm) 
16 21 24 
Table 3.2-7 Optimum number of the primary coil turns for the analysed transfer 
distances in Figure 3.2-7 
It should be noted that the optimum number of turns of the primary coil may not be 
the final number of coils in the wireless power transfer system, because the number 
of turns also affect the self-resonant frequency (SRF) of the coil. As mentioned in 
Section 2.3.3, if the SRF is less than twice the operational frequency, the system 
operation will be unstable and heavily affected by the environment. In this case, the 
number of turns will have to be reduced to meet the frequency requirement. Due to 
the co-dependency between the number of turns and diameter, the primary coil 
diameter may need to be adjusted after the reduction of turn number.  
3.2.2.4 Summary 
In this section, the effect on the magnetic field by the change of each dimensional 
parameter of the primary coil is observed respectively. The co-dependencies among 
the dimensional parameters on the decision of optimum parameters have also been 
analysed.  
We can find out that the optimum value of diameter is affected by the transfer distance, 
the number of turns as well as the gap interval between turns. In order to achieve a 
maximum magnetic field strength, the transfer distance needs to be adjusted once 
the other parameters are changed. Of the three parameters (transfer distance, 
number of turns and the gap interval between turns), the transfer distance has a 
decisive role in determining the value of optimum coil diameter. The other two 
parameters have a secondary effect on the value of the optimum coil diameter.  
In terms of the optimum gap interval, it can be theoretically proved that a stationary 
point of gap interval exists to achieve a maximum generated magnetic field strength. 
Moreover, the change of transfer distance has no profound effect on the optimum gap 
interval. It is shown that a change of the number of turns will change the optimum gap 
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interval. Due to the co-dependency found between the diameter and the gap interval, 
a change in the diameter will also change the optimum gap interval.  
In terms of the number of turns, it is found out that for different transfer distances, the 
optimum number of turns will be different. The optimum values will also be affected 
by the primary coil diameter and gap interval. Moreover, the self-resonant frequency 
(SRF) should also be considered in the determination of the actual number of turns.  
Based on the above analysis, a design flow for the optimum dimensions of the primary 
coil in the transmitter system will be developed in the next section. Furthermore, a 
design flow for the overall transmitter system, including the system component values, 
will also be presented. 
3.2.3 Design flow of solenoid transmitter 
The setup of the transmitter system is shown in Figure 3.2-8. The conditions are 
shown in Table 3.2-8.  
 
Figure 3.2-8 Setup of the transmitter system 
Already known Should be decided Need to obtain Design target 
Operational 
frequency f 
Wire diameter dwire Primary coil SRF 
Primary coil 














Coil former material 
(dielectric constant 𝜖𝑖) 
Primary coil self-
inductance Lself 








   
Distance 
between 
primary coil and 
coupling coil 




Table 3.2-8 Conditions and targets for the design of transmitter 
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3.2.3.1 Design flow of the primary coil 
In Figure 3.2-9 and Figure 3.2-10, the design flow for the optimum dimensional 








Figure 3.2-10 Design flow of the primary coil-part2 
In this design flow, two theoretical models are mainly used. The first one is the 
theoretical model for the generated magnetic field by a solenoid transmitter developed 
in Section 3.1.3; the other one is the theoretical model for the calculation of SRF of a 
free solenoid coil presented in the (2) part of Section 2.3.3. 
The process can be divided into two stages. The first stage is mainly to calculate the 
minimum number of turns based on the magnetic field strength model; the second 
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stage considers the limits of SRF and aims to find out whether a higher strength value 
can be achieved with a higher number of turns. 
In the first stage, the design flow applies an iterative process. There are three 
parameters that are needed to calculate, which are the primary coil diameter DTx, the 
gap interval p between turns of the primary coil and the number of turns Npri of the 
primary coil. In each iterative step, the stationary value of one of the parameters will 
be calculated with the other two parameters being arbitrary values (at the first step) 
or the previous calculated stationary values (at the later steps). After a number of 
steps, the parameters will converge into a set of stationary values that will achieve 
the maximum generated magnetic field strength under the given conditions. 
At the start, the operational frequency and transfer distance should be decided. 
Because the magnetic field strength model is most suitable in the analysis in the near-
field region, for a transfer distance between 5 cm and 20 cm, the operational frequency 
may not exceed 15 MHz with a consideration of the comparatively conductive human 
body tissue. 
After this, the wire used to make the coil should be decided because the resistivity 
and the cross-section of the wire will be used in the calculation of the magnetic field. 
Moreover, the material and internal design of the coil former are also needed because 
this will affect the SRF of the coil.  
Once the above parameters are decided, the main iterative process of the design flow 
can start. Because the primary coil diameter DTx is mainly decided by the transfer 
distance hNPri, the stationary value of the primary coil diameter DTx will be calculated 
first with the gap interval between turns and number of turns set to arbitrary values.  
Once the stationary DTx is obtained, its value will be applied in the calculation of the 
stationary value of the gap interval p, with the number of turns Npri being the same 
arbitrary value. The obtained stationary value of the gap interval will be fed back to 
calculate the stationary diameter DTx again because changing the gap interval will 
change the stationary value of diameter. This is repeated until the calculated 
stationary value of the gap interval is equal to the previous stationary value of the gap 
interval.  
A similar step is applied to calculate the stationary value of the number of turns Npri. 
It should be noted that if the SRF of the coil has been calculated, and the stationary 
value of the number of turns has been reduced to fit the SRF, there is no need to 
calculate the stationary value of the number of turns again. The process jumps directly 
to calculate the SRF with the new gap interval and diameter.  
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After all the stationary values of the three parameters are obtained, it is necessary to 
calculate whether the SRF of the coil with these parameters is more than twice the 
operational frequency f. If not, the number of turns will be reduced until this happens. 
The reduced number of turns will also change the stationary value of diameter. 
Therefore, the reduced number of turns will be fed back to calculate the stationary 
value of DTx with the obtained stationary value of the gap interval. After some 
calculation, a new reduced number of turns will be obtained. If this reduced number 
of turns is equal to the previous one, the first part of the process will be finished, and 
the stationary values of the two dimensional parameters with the reduced number of 
turns are obtained. If not, the new reduced number of turns will be fed back until the 
new one is equal to the old one.  
At the first stage of the design flow, we can obtain, at the given operational frequency 
and transfer distance, the stationary value of diameter DTx that gives a maximum 
magnetic field strength with the stationary value of the gap interval p and the number 
of turns Npri that satisfy the SRF limit.  
It should be noted that the number of turns that satisfy the SRF limit is less than the 
optimised value that gives the highest field strength. In some cases, if all the DTx, p 
and Npri are the optimum values that give the highest field strength, the SRF of the 
primary coil will be lower than the limit. To satisfy the SRF limit, Npri is reduced, and 
the DTx and p are then adjusted to be the stationary values that give the highest field 
strength at the SRF limit. 
However, the first stage of the design flow only considers the magnetic field strength 
H and the SRF at the stationary point of the primary coil diameter DTx. There is a 
possibility that, with a higher value of Npri and a non-stationary value of DTx, a higher 
magnetic field strength H can be obtained, and the SRF is still at the limit. A 
demonstrative figure is shown in Figure 3.2-11. 
 
Figure 3.2-11 Demonstrative figure for the situation where the magnetic field 
strength at non-stationary point P2 is higher than the magnetic field strength at the 
stationary point P1 while the SRFs for both points are the same; the point P2 is 
located at a curve where the number of turns N2 is higher than the number of turns 
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Therefore, the aim of the second stage of the design flow is to find out the maximum 
number of turns so that, at this turn number, a non-stationary value of DTx (i.e. P2 in 
Figure 3.2-11) on the curves of DTx-H can achieve the highest possible magnetic field 
strength and satisfy the SRF limit. The process is shown in Figure 3.2-10. 
To find the maximum turn number, the reduced number of turns obtained in the first 
stage is increased by 1, which becomes (Npri+1). The primary coil diameter DTx-N+1 will 
then be calculated to make the SRF of the primary coil twice the operational frequency 
f with the obtained stationary value of the gap interval p and the turn number (Npri+1). 
The generated magnetic field strength HN+1 will be calculated based on DTx-N+1, p and 
(Npri+1). This field strength will be compared with the field strength HN obtained from 
the end of the first part. If HN+1 is higher than HN, it means the non-stationary value at 
a higher number of turns can generate a field at the transfer distance stronger than 
the stationary value at the original number of turns. Otherwise, HN is the highest field 
strength, and the values of parameters obtained from part 1 are the optimum values.  
If HN+1 is higher than HN, it is needed to find out whether HN+2, which can be obtained 
in the same way as HN+1, is higher than HN+1. If this is also true, HN+3 will be calculated 
to compare with HN+2. The loop repeats until HN+i<HN+i-1, where i 1,  , 3… 
Once the DTx-N+i and (Npri+i) are obtained, these values will be used to calculate the 
stationary gap interval p’ using the magnetic field strength model. If the value of p’ 
equals to the previously obtained p, the design flow will finish, and the values of         
DTx-N+i, (Npri+i) and p will be the optimum values for the primary coil at the frequency 
and transfer distance.  
If not, p’ and (Npri+i) will be fed to the SRF model to calculate the diameter DTx- ’ that 
makes the SRF twice the operational frequency. The DTx- ’ and (Npri+i) will then be fed 
to the magnetic field strength model to calculate a new p’. If the new p’ is not equal to 
the old p’, the loop will be repeated until they are the same. Once they are the same, 
the generated magnetic field strength H’N+i with the new values of DTx- ’, (Npri+i) and 
p’ will be calculated and compared with the field strength HN+i. If H’N+i is higher, DTx- ’, 
(Npri+i) and p’ will be the optimum values of the parameters. If HN+i is higher, DTx-N+i, 
(Npri+i) and p will be the optimum values of the parameters. 
3.2.3.2 Design flow of the transmitter system in the weakly coupled wireless power transfer 
system 
In Figure 3.2-12, the design flow of the transmitter system is shown. During the design, 
a network analyser with an S-parameter test set will be used to measure the reflected 
power S11 and the resonant frequency of the coils. After the optimum parameters of 
the primary coil are obtained, it is possible to calculate the self-inductance and self-
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capacitance of the coil. (The self-inductance can also be measured after the coil is 
fabricated.) Based on the L-C circuit resonant frequency formula, the required total 
capacitance for resonance at frequency f can then be calculated. The external 
capacitance will then be the difference between the total capacitance and the self-
capacitance of the primary coil. The external capacitor should be a variable capacitor 
whose mid-value is the calculated external capacitance for convenient tuning. 
 
Figure 3.2-12 Design flow of the transmitter system 
The coupling coil and the primary coil can then be fabricated. The coupling coil will 
have the same diameter as the primary coil but with only one turn. The external 
capacitor, the primary coil, the coupling coil and the network analyser can then be 
connected as in Figure 3.2-13.  
 
Figure 3.2-13 Primary coil and the coupling coil connected to the network analyser; 
Cext is the external variable capacitor 
With the network analyser, the external capacitor can be tuned to make the circuit 
resonate at frequency f. The distance between the coupling coil and the primary coil 
can be adjusted so that the absolute value of S11 will be maximised at frequency f.  
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After tuning and adjusting, disconnect the coupling coil from the network analyser and 
connect the impedance matching network in between them, as shown in Figure 3.2-14. 
Adjust the variable capacitors and the variable inductor in the impedance matching 
network until the maximum absolute value of S11 is obtained.  
 
Figure 3.2-14 Setup of the transmitter system with the network analyser 
After tuning the impedance matching network, the network analyser can be 
disconnected and replaced by the signal generator and the power amplifier, as shown 
in Figure 3.2-15. The design of the transmitter system is finished. 
 
Figure 3.2-15 Setup of the transmitter system 
3.2.4 The optimum parameters for the transmitter and its performance 
Using the design flow shown in Section 3.2.3.1 and the parameters shown in Table 
3.2-9, a list of optimum dimensional parameters of the primary coil for a range of 
transfer distance is shown in Table 3.2-10. 
Name Symbol Value 
Wire diameter 𝑑𝑤𝑖𝑟𝑒 1 mm 
RMS input voltage to the coupling coil 𝑉𝐼𝑁 1 V 
Operational frequency 𝑓 8 MHz 
Resistivity of the wire (copper) 𝜌𝑤𝑖𝑟𝑒 1.72 × 10
−8Ω ∙ 𝑚 
Coil former relative electric constant 
(Acrylic) 𝑖
 2.35 
















at the distance 
(A/m) 
4 7.1 0.20 10 33.7 31.8 
8 12.0 0.25 12 16.1 10.3 
12 14.6 0.25 9 16.0 4.7 
16 17.7 0.25 7 16.0 2.6 
20 20.1 0.25 6 16.0 1.5 
       
        
         
        
       
        
    
      




Table 3.2-10 Optimum dimensional parameters of primary coil for transfer distances 
ranging from 4 cm to 20 cm with operational frequency at 8 MHz, with predicted SRF 
and generated magnetic field strength at the distance with 1 VRMS input 
As shown, the optimum diameter of the solenoid primary coil increases as the transfer 
distance increases. However, the ratio between the optimum diameter and the 
transfer distance decreases from about 2 to almost 1 when the transfer distance 
increases from 4 cm to 20 cm. Because of the discontinuity in the calculation of AC 
resistance, the optimum gap interval results as discrete values. For most of the 
transfer distance range discussed here, the optimum gap interval is 0.25 cm. At a 
shorter transfer distance, such as 4cm, the optimum gap interval decreases to 0.2 cm. 
In reality, the optimum gap interval should not be discrete values, but the error (a 
maximum of 3%) caused by the discontinuity is acceptable in the thesis.  
The optimum number of turns increases from 10 to 12 when transfer distance changes 
from 4 cm to 8 cm, and the optimum number of turns then decreases to 6 at 20 cm 
transfer distance. The reason for this is that the SRF of the coil is much higher for 
coils with optimum parameters at shorter transfer distances, such as the 33.7 MHz 
SRF for the 4 cm transfer distance. For optimum parameters at longer transfer 
distances, the actual number of turns needed to achieve the highest magnetic field is 
so high that the resulted SRF is less than the SRF limit. The number of turns is thus 
reduced to fit the limit. Because the inductance of the coil increases with coil diameter, 
the optimum number of turns decreases as the transfer distance increases.  
It should be noted that these results are predicted when the medium is air, and there 
is no blocking between the transmitter and the object location. As the receiver of the 
proposed wireless power transfer system will be implanted inside the human body, 
there are two situations. For less-conductive tissues such as muscle, fat and skin, the 
reduction of power delivery caused attenuation effect is less than 5% [122][126][189]. 
For conductive tissues such as lungs, which have high water content, the attenuation 
effect cannot be neglected. As discussed in Section 2.3.4.2, the attenuation in 
magnetic field strength can be more than 50% at a transfer distance of 20 cm. 
However, because the attenuation effect of the media is independent of the 
dimensional parameters of the transmitter system, the optimised parameters of the 
transmitter in the air will still be the optimised parameters in the conductive media. 
The transmitter design process will still work for conductive media.  
For the optimum parameters of 20 cm transfer distance, the coupling coil circuit is 




Figure 3.2-16 Coupling coil equivalent circuit with T matching network for optimum 



































Table 3.2-11 Impedance matching network component values and calculated 
coupling coil equivalent values 
Because the coupling coil is a single turn coil, the impedance of its self-inductance 
𝐿𝐶𝑝−𝑒𝑞 is negligible (0.002 Ω) compared with the coupling coil equivalent resistance 
(0.3 Ω). However, the equivalent capacitance 𝐶𝐶𝑝−𝑒𝑞 of the coupling coil cannot be 
neglected. Therefore, a variable inductor 𝐿𝑀2 is added in parallel with the coupling 
coil to resonate with the coil self-capacitance 𝐶𝐶𝑝−𝑒𝑞. The base value of 𝐿𝑀2 is 1.4 µH. 
The T matching network is then designed to match the source impedance 𝑍𝑆 and the 
coupling coil equivalent resistance 𝑅𝐶𝑝−𝑒𝑞. The virtual impedance of the T network is 
set to 100 Ω, and the corresponding component base values are presented in Table 
3.2-11. 
From the analysis in Section 3.1.4, it is shown that the developed mathematical model 
to predict the magnetic field strength from a solenoid coil is only valid for a limited 
range of values of dimensional parameters. To verify the validity of the calculated 
optimum results, COMSOL Multiphysics, a well-proven simulation software which 
model the magnetic field using FEA, is used to simulate the magnetic field strengths 
of the optimum coils for transfer distances of 16 cm and 20 cm.  
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For the optimum coil for 16 cm transfer distance, the distribution and direction of 
magnetic field strength are shown in Figure 3.2-17. It is shown that the magnetic field 
strength is more than 40 A/m in the adjacent spaces of the coil, but it decreases rapidly 
as the transfer distance increases. A plot of the magnetic field strength along the axis 
of the coil is shown in Figure 3.2-18. The calculation results and simulation results 
agree well. For transfer distance between 0 cm and 27.4 cm, the maximum difference 
between calculation results and simulation results is 4.8% at 0.3 cm and a difference 
of 1.1% at 16 cm, which means the developed model has an accurate prediction for 
the target transfer distance. For transfer distance between 27.4 cm and 35 cm, the 
difference becomes higher, ranging from 4.8% to 8.4%, which owes to higher 
proportion of mid-field component in the overall magnetic field, as discussed in 
Section 3.1.4. 
 
Figure 3.2-17 Distribution (colour table) and direction (green arrows) of magnetic 
field strength H at the axis plane (top) and at the edge-tangent plane (bottom) 





Figure 3.2-18 Calculation results (blue) and COMSOL simulation results (orange) of 
magnetic field strengths along the axis of the coil of the optimum coil for 16 cm 
transfer distance 
For the optimum coil for 20 cm transfer distance, the distribution and direction of 
magnetic field strength are shown in Figure 3.2-19. It is shown that the magnetic field 
strength at the centre of the coil is weaker than the field strength of the optimum coil 
for 16 cm transfer distance with the same input voltage at the coupling coil. For spaces 
close to the coil surface, the magnetic field strength can be more than 40 A/m. The 
calculation results of the magnetic field strength along the transfer distance at the axis 




Figure 3.2-19 Distribution (colour table) and direction (green arrows) of magnetic 
field strength H at the axis plane (top) and at the edge-tangent plane (bottom) 
parallel to the axis plane of the coil with optimum parameters for 20 cm transfer 
distance 
 
Figure 3.2-20 Calculation results (blue) and COMSOL simulation results (orange) of 
magnetic field strengths along the axis of the coil of the optimum coil for 20 cm 
transfer distance 
For transfer distance between 0 cm and 5.5 cm, the calculation results are higher than 
the simulation results, with a maximum difference of 3.0% at 0.1 cm transfer distance 
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and a minimum difference of 0.5% at 5 cm. For transfer distance between 5.5 cm and 
10.7 cm, the calculation results and the simulation results are close to each other and 
the difference is at a maximum of 5%. For transfer distance between 10.7 cm and 
22.7 cm, the simulation results are higher than the calculation results, with a maximum 
difference of 9.8% at 22.7 cm and a minimum difference of 0.15% at 11.1 cm and a 
difference of 8% at 20 cm. This shows that the developed model is accurate for 
prediction for the target transfer distance, and also that the difference increases as 
the transfer distance increases, which is because that the mid-field component of 
magnetic field have a higher proportion in the overall magnetic field as is discussed 
in Section 3.1.4. For transfer distance between 22.7 cm and 35 cm, the difference 
ranges from 10.9% to 27.5%, which means the developed model is no longer valid 
because of the large error.   
In terms of the magnetic field exposure of the primary coil, according to Table 2.3-3, 
the maximum permissible exposure (MPE) at frequencies around 8 MHz is 
HMaxRMS=40.75 A/m. From Figure 3.2-17 and Figure 3.2-19, for 16 cm transfer distance, 
with 1 VRMS input to the coupling coil, the magnetic field strength is less than 40 A/m 
when it is 4 cm away from the coil, which means the safe gap interval between the 
coil surface and the human body skin for the optimum coil for 16 cm transfer distance 
is about 4 cm; for the optimum coil for 20 cm transfer distance, the safe gap interval is 
about 2 cm. Once these intervals are satisfied, the proposed optimum coils will work 
within the exposure limit set by the IEEE standard C95.1-2005 [144]. 
3.2.5 Summary of this section 
In this section, based on the magnetic field strength model developed in Section 3.1.3, 
the co-dependencies among the three dimensional parameters (coil diameter, 
number of turns and gap interval between turns) of the primary solenoid coil to obtain 
a maximum magnetic field strength are obtained. It is found out that the three 
dimensional parameters are correlated, and when one of the parameters changes, 
the optimum values of the other two will be changed. Moreover, it is found that the 
optimum diameter of a coil is heavily dependent on transfer distance. In other words, 
each transfer distance needs a different value of diameter to achieve a maximum 
magnetic field, which means each transfer distance needs a different set of optimum 
parameters of the primary solenoid coil.  
Based on the co-dependency analysis, a design flow to obtain the optimum values of 
dimensional parameters is presented. The first stage of the process aims to find out 
the stationary values of diameter and gap interval at a maximum number of turns that 
satisfy the SRF limit. The second stage of the process aims to find out the non-
stationary values of diameter and the related stationary value of gap interval at a 
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higher number of turns that can satisfy the SRF limit and achieve an even higher value 
of magnetic field strength. Another design flow is also reported to calculate the values 
of other parameters in the transmitter system and set up the transmitter system. 
Based on the design flows, the optimum parameters for a range of transfer distance 
are calculated and discussed.  
The main problem in the design comes from the discontinuity of the AC resistance 
calculation, which causes the gap interval to be discrete values. Improvements in 
model accuracy will be made if an accurate continuous AC calculation model is 
applied.  
It should be noted that the solenoid transmitter coil can be further optimised. As shown 
in Table 3.2-10, the optimised diameter of the solenoid primary coil increases as the 
transfer distance increases. This means that if the length of the primary coil cannot 
be neglected compared with the transfer distance, the turn of the coil further away 
from the receiver should have a larger diameter than the turn closer to the receiver 
for a maximum magnetic field at the receiver position. The shape of the primary coil 
will then become a conical solenoid instead of a cylindrical solenoid, and a higher 
magnetic field strength can be achieved at the same transfer distance. 
Because a conical solenoid coil can be seen as a cylindrical solenoid coil with a 
variation of coil diameters, the application of conical solenoid coil can be analysed 
preliminarily based on the analysis of cylindrical solenoid coil. For the present 
operational frequency, the conical solenoid coil may be more suitable for a short 
transfer distance range (around 4 cm), because at this range, as shown in Table 
3.2-10, the optimum number of turns is large, and the coil SRF is high, which make it 
possible and suitable to have turns with large sizes. For a transfer distance range 
higher than 8 cm, firstly, the SRF of the optimised coil can be lower than the 
operational frequency if larger turn sizes are used. Secondly, the increase of 
optimised coil diameter is “slower” for an increase of higher transfer distances. 
Because of the small optimum gap distances and the low number of turns, the size 
difference between the first turn and the final turn of an optimised conical coil can be 
neglected. Therefore, it is unsuitable for large transfer distances at the present 
operational frequency based on the analysis of optimised parameters of cylindrical 
coils. However, the conical coil may be useful for a lower operational frequency 
because a higher turn number is possible, and the optimum sizes of the first turn and 
final turn of the coil can have a larger difference.  
With the optimum parameters of the transmitter system obtained, the focus can be 
shifted to the receiver. It is of interest to find out the optimum parameters of receiver 
solenoid coils to supply the maximum power to the load.  
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3.3 Receiver coil model and design 
Key aims of this section 
• A circuit model is developed for the receiver coil in the wireless power 
transfer system. 
• Both the air-core solenoid receiver and the ferrite-core solenoid 
receiver are analysed with the developed theoretical model. 
• The induced voltage and the maximum output power are theoretical 
predicted based on the models with a variety of values of coil 
parameters. The predicted induced voltage and output power of ferrite-
core receivers are compared with the ones of the air-core receivers. 
• A design flow of the receiver coil is proposed for the application of the 
IMPACT program to meet the size and power requirements of micro-
implants. 
3.3.1 Introduction 
In this thesis, one of the aims is to discover, in the proposed wireless power transfer 
system, how much power a mm-scale receiver can receive and deliver to the load 
with the optimised transmitter design at a transfer distance greater than 10 cm or even 
20 cm inside a patient’s body. The cross-section diameter of the receiver should be 
within 2 mm so that the receiver can be injected into the patient with needles. The 
length of the receiver is more flexible but should be no more than 5cm. 
 
Figure 3.3-1 Block diagram of the receiver in the wireless power transfer system 
As shown in Figure 3.3-1, a receiver in the proposed wireless power transfer system 
includes  
• a solenoid coil  
• a capacitor 
• an impedance matching circuit 
• a rectifier to convert AC to DC and a load 
The solenoid coil is the secondary coil in the wireless power transfer system. Its main 
function is to receive the magnetic energy delivered by the transmitter and transferred 
the energy into electric energy according to the  araday’s  aw (as discussed in 
Section 2.2.2). 









The capacitor connects in series with the solenoid coil to form a series L-C circuit. The 
parallel L-C circuit is not used here because a large amount of current will circulate 
between the L and C in the circuit (as discussed in Section 2.3.1), which will cause 
an excessive energy loss in the parasitic resistance of the solenoid coil (which has 
been discussed in Section 2.3.3.4). The series L-C circuit will have a minimum 
impedance (mainly the resistance of the coil) at resonance, thus, more power will be 
delivered to the load. 
The impedance matching circuit connects between the series L-C circuit (formed by 
the receiver solenoid coil and the tuning capacitor) and the rectifier to match the 
impedances of them so that a maximum output power can be obtained from the series 
L-C circuit.  
The rectifier and the load will be discussed in Chapter 4. In this section, they will be 
treated as a complex load with an impedance ZRec. The actual value of impedance can 
be obtained from simulation or from the measurement of a rectifier circuit.  
In this section, the model of the receiver coil will be discussed first. The induced 
voltage and the maximum output power will be calculated based on the model with 
the presence of the impedance matching circuit. The performance of the circuit with 
an air-core solenoid coil will be analysed. Because the performance of air-core 
solenoid coils cannot meet the power and voltage demands of micro-implants such 
as the ones developed by the IMPACT program, the receiver circuit with ferrite-core 
coils are also discussed and analysed.  
3.3.2 Model of receiver coil in the receiver circuit 
The receiver circuit model is shown in detail in Figure 3.3-2, with the symbols 
introduced in Table 3.3-1. 
 
Figure 3.3-2 Circuit diagram of the receiver circuit with a T impedance matching 
circuit 
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Symbol Name Symbol Name 
VIND 
RMS induced voltage on 
receiver coil 
LM 
Inductor of the impedance 
matching circuit 
LRX Inductance of receiver coil ZRec Impedance of the rectifier 
CRX 
The tuning capacitor on the 
receiver  
Z*Rec 
Complex conjugate of the 
impedance of the rectifier 
RRX 
Total resistance of the 





Capacitors of the 
impedance matching circuit 
CLoad 
Load capacitance 
Table 3.3-1 Symbols and their corresponding names in the circuit in Figure 3.3-2 
Here, the receiver coil is represented by the voltage source VIND and the inductor LRX, 
with its parasitic resistance added into the resistor RRX, which represents the total 
resistance of the series L-C circuit. 
The impedance matching circuit is a T-section circuit with the capacitors CM1 and CM2 
and the inductor LM.  
The rectifier with the load has an impedance ZRec.  
At the operational frequency, the impedances of LRX and CRX cancel each other. The 
impedance of the series L-C circuit becomes RRX. Here, the impedance matching 
circuit is set to match RRX and ZRec. The impedance of the rectifier is converted to be 
the same value as the resistance of RRX. Therefore, from the series L-C circuit side, 
the circuit becomes as shown in Figure 3.3-3.  
 
Figure 3.3-3 Equivalent circuit of receiver with impedance matching circuit from the 
series L-C circuit side; the impedance of the rectifier has been converted to RRX, 
which is the total resistance of the series L-C circuit; the voltage source VIN equals 
to the induced voltage across the receiver coil 
With this circuit model, the maximum output power from the receiver coil can be 
calculated based on the parameters of the coil and the magnetic field strength 
generated by the transmitter, with no consideration of the rest of the circuit.  
The input voltage VIND can be calculated with the  araday’s law. Assuming that the 









 𝑉𝐼𝑁𝐷 = 𝑗𝜔𝜇𝑁𝐻𝑧𝐴𝑒𝑓𝑓 (3.24) 
where 
• VIND is the RMS induced voltage on the receiver coil  
• N is the number of turns of the receiver coil 
• Aeff is the effective area of the receiver coil 
• Hz is the magnetic field strength component which is uniform in the z direction 
• 𝜔 is the angular frequency of the magnetic field 
• 𝜇 is the permeability of the core of coil 
The resistance RRX can be calculated as 
 𝑅𝑅𝑋 = 𝑅𝐶𝑜𝑟𝑒 + 𝑅𝐴𝐶−𝐶𝑜𝑖𝑙 (3.25) 
where 
• RCore is the resistance caused by the loss in the core of the receiver coil 
• RAC-Coil is the AC resistance of the coil itself  
From Figure 3.3-3, the output power of the receiver coil can be calculated as  
 𝑃𝑂𝑈𝑇 = 𝐼𝑅𝑋
2 𝑅𝑅𝑋 (3.26) 
 By combining (2.61) (3.24) (3.25) and (3.26), the output power be calculated as 










Now that the model of the receiver coil has been built. The air-core solenoid coil will 
be analysed first as a receiver coil based on its output power performance.  
3.3.3 Analysis of receiver with an air-core solenoid coil 
3.3.3.1 Model for air-core solenoid coils 
For the receiver with an air-core solenoid coil, there are two special conditions 
• the core-loss resistance Rcore is zero 
• the relative magnetic permeability 𝜇𝑟=1 
From (3.24), the induced voltage expression thus becomes 
 𝑉𝐼𝑁𝐷−𝐴𝑖𝑟 = 𝑗𝜔𝜇0𝑁𝐻𝑧𝐴𝑒𝑓𝑓 (3.28) 








where, from (2.137) as discussed in Section 2.3.3.4, the AC resistance of the air-core 
solenoid coil is  
 𝑅𝐴𝐶−𝐴𝑖𝑟 = 𝑅𝐷𝐶−𝐴𝑖𝑟 [1 + (𝛯 − 1)𝛤





It should be noted that the calculation of AC resistance is only applicable when the 
coil gap interval between turns is equal to or larger than the wire diameter, but this 
will not affect our analysis here. 
3.3.3.2 Induced voltage and output power analysis for receivers with an air-core coil 
As introduced in Section 3.3.1, the induced voltage and output power performance of 
the receiver coil will be analysed with the following conditions 
• The cross-section diameter of receiver coil is of the order of 2 mm. 
• The length of receiver coil is no more than 5 cm. 
• The receiver operates at the same frequency as the transmitter. 
• The target magnetic field strength is between 1.5 A/m and 20 A/m for non-
conductive human tissues, and it is approximately half for conductive human 
tissues. 
Because of the limited size of the receiver coil, the scale of the wire diameter becomes 
equal to the size of coil. The wire diameter should be kept being around 0.1 mm to 
avoid exceeding the overall length limit of receiver coil.  
As a preliminary setting, while the changes of induced voltage and output power with 
the variation of other parameters are observed, the wire diameter is set to be 0.1 mm, 
which is approximately the wire width of AWG38 standard. Also, the gap interval is 
set to be the same as the wire diameter. 
The changes in induced voltage and output power will be discussed as follows 
• A variation of number of turns from 1 to 200 in different receiver coil diameters 
(1 mm, 2 mm, 4 mm) 
• A variation of magnetic field strength from 0 to 20 A/m in different receiver coil 
diameters (1 mm, 2 mm, 4 mm) 
• A variation of gap intervals between turns from 0.2 mm to 0.5 mm in different 
wire diameters (0.1 mm, 0.15 mm, 0.2 mm) 
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It should be noted that the expressions for the induced voltage and output power 
assume that the magnetic field strength is uniform through the coil. However, as 
discussed in Section 3.2.4, the magnetic field strength decreases exponentially with 
the increase of transfer distance. This means the magnetic field is the maximum at 
the end of the coil nearest to the transmitter (head) and is the minimum at the end 
most far away from the transmitter (tail). The analysis for the air-core below assumes 
that the same value of magnetic field strength is uniform through the whole length of 
the receiver coil as the field strength at the head of the coil. Therefore, the obtained 
induced voltage and output power from the analysis below will be higher than the 
actual values. The difference between the values will increase as the receiver coil 
becomes longer. A more realistic model will be built for the ferrite-core coils, but here, 
this simpler model for air-core is enough for analysis. 
(1) A variation of number of turns from 1 to 200 in different receiver coil diameters 
(1 mm, 2 mm, 4 mm) 
In this analysis, the primary focus is mainly on in what range of turn number the air-
core receiver coil can achieve sufficient induced voltage (more than 1 V) and output 
power (more than 1 mW) under the size limitation (2 mm diameter) and in the target 
magnetic field strength.  
The range of the number of turns, 1 to 200, is determined by the coil length. With a 
0.1 mm wire diameter and a 0.1 mm gap interval between turns, a 200 turn coil will 
have a length about 4 cm, which is within the limit of receiver coil length.  
The 2 mm-diameter is chosen based on the requirement mentioned at the beginning 
of this section. The 1mm and 4mm diameters are chosen for comparison and trend 
analysis. 
The magnetic field strength 1.5 A/m is chosen based on the field strength of the 
optimised transmitter parameter at 20 cm transfer distance. The operational frequency 
8 MHz is also the same as in the analysis of the transmitter. 
The changes in induced voltage and output power from the receiver coil with the 




Figure 3.3-4 RMS induced voltage (left) and output power (right) of air-core receiver 
coil in different receiver coil diameters(1 mm, 2 mm, 4 mm) for a range of number of 
turns (1 to 200) with gap interval = 0.1 mm, wire diameter=0.1 mm, operational 
frequency=8MHz and magnetic field=1.5 A/m 
As expected from the induced voltage expression, the induced voltage is proportional 
to the number of turns. However, for a 2 mm-diameter receiver coil, the induced 
voltage is rather small even with 200 turns when H=1.5 A/m, which is about 0.06 V. 
Considering how the field strength decreases with the increase transfer distance, the 
induced voltage will be even lower with a wireless power transmitter. This voltage is 
obviously not enough for the operation of micro-implants with the presence of the 
voltage-drop at the rectifier. The 4 mm-diameter receiver coil has an induced voltage 
about 4 times of the voltage of the 2 mm coil, which is still not high enough for micro-
implant applications if a voltage-boost device is not used at the load. 
It is apparent that the output power will increase with the number of turns and the coil 
diameter. The detail is shown in Table 3.3-2. At 200 turns, the output power of a 2 mm 
coil with 1.5 A/m field strength is about 0.14 mW. The value will be even lower with a 
wireless power transmitter. For the 4 mm coil, the output power is 1 mW, which is 
about 7 times the power of the 2 mm coil. This shows the importance of receiver coil 
diameter in the wireless power transfer system, where a small increase of diameter 
can result in a large improvement in coil output power. From the analysis, it is found 
that the 2-mm diameter air-core coil is unable to meet the 1 V induced voltage 
requirement and 1 mW power requirement with the present range of turn number. 
Receiver coil diameter DRx=1 mm DRx =2 mm DRx =4 mm 
Output power at N=100 8.8 µW 0.07 mW 0.54 mW 
Output power at N=200 17 µW 0.14 mW 1 mW 
Table 3.3-2 Corresponding output power of receiver coil at the number of turns with 
different coil diameters with gap interval = 0.1 mm, wire diameter = 0.1 mm, 
operational frequency = 8 MHz and magnetic field = 1.5 A/m 
(2) A variation of magnetic field strength from 0 to 20 A/m in different receiver coil 
diameters (1 mm, 2 mm, 4 mm) 
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In this analysis, the primary focus is on in what range of magnetic field strength the 
air-core receiver coil can achieve sufficient induced voltage (more than 1 V) and 
output power (more than 1 mW) under the size limitation (2 mm diameter).  
The range of magnetic field strength is chosen based on the magnetic field generated 
by the optimised transmitter in the wireless power transfer system at a transfer 
distance between 8 cm and 20 cm. The 2 mm-diameter is chosen based on the 
requirement mentioned at the beginning of this section. The 1 mm and 4 mm 
diameters are chosen for comparison and trend analysis. The number of turns 100 is 
chosen because the resulting coil length will be about 2 cm, which is within the limit 
of receiver coil length that would be implantable. The changes in induced voltage and 
output power with the variation of magnetic field strength in different receiver coil 
diameter are shown in Figure 3.3-5.  
 
Figure 3.3-5 RMS induced voltage (left) and output power (right) of air-core receiver 
coil in different coil diameter (1 mm, 2 mm, 4 mm) for a range of magnetic field 
strength (0 to 20 A/m) with gap interval = 0.1 mm, wire diameter = 0.1 mm, 
operational frequency = 8 MHz and 100 turns 
For the 2 mm-diameter coil, the induced voltage increases from 0.03 V at 1.5 A/m to 
about 0.4 V at 20 A/m. The 4 mm-diameter coil has an induced voltage 4 times of the 
induced voltage of the 2 mm-diameter coil at the same magnetic field strength, and 
the 1 mm-diameter coil induced voltage is a quarter of the 2 mm-diameter coil induced 
voltage. Again, the 2 mm-diameter receiver coil has a low induced voltage at the target 
range of magnetic field strength with the present settings. Even with 200 turns, the 
induced voltage of the 2 mm-diameter coil is 0.8 V at 20 A/m, which is not enough for 
the application of micro-implants without the use of a voltage-boost device at the load. 
The output power at the two magnetic field strengths (1.5 A/m and 20 A/m) for the 
three coil diameters (1 mm, 2 mm and 4 mm) can be seen in Table 3.3-3. For the 2 
mm-diameter receiver coil, the output power meets the 1 mW power requirement 
when 𝐻 ≥ 5 A/m, which corresponds to a transfer distance of less than 11 cm, which 
is almost half of the target transfer distance (20 cm). The 4 mm-diameter coil has a 
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much better performance for the range of magnetic field, but it is beyond the size limit 
of the needle. The 1 mm-diameter coil has minimal output power and is not suitable 
for this range of magnetic field strength.  
Receiver coil diameter DRX =1 mm DRX =2 mm DRX =4 mm 
Output power at     
H=1.5 A/m 
8 µW 0.07 mW 0.54 mW 
Output power at      
H=20 A/m 
2 mW 13 mW 96 mW 
Table 3.3-3 Corresponding output power of receiver coil at the magnetic field 
strengths with different coil diameters with gap interval = 0.1 mm, wire diameter = 
0.1 mm, operational frequency = 8 MHz and 100 turns 
(3) A variation of gap intervals between turns from 0.2 mm to 0.5 mm in different 
wire diameters (0.1 mm, 0.15 mm, 0.2 mm) 
In this analysis, the primary focus is to find out how the air-core output power changes 
when the gap interval changes and when the wire diameter changes. 
The coil diameter is chosen to be 2 mm. The magnetic field strength is set to 1.5 A/m. 
The coils have 100 turns. The changes of output power from the receiver coil with a 
variation of gap interval between turns with different wire diameters are shown in 
Figure 3.3-6. 
 
Figure 3.3-6 Output power of air-core receiver coil in different wire diameters       
(0.1 mm, 0.15 mm and 0.2 mm) for a range of gap intervals between turns (0.2 mm 
to 0.5 mm) with coil diameter=2 mm, magnetic field strength=1.5 A/m, and 
operational frequency=8 MHz and 100 turns 
As shown, for the same wire diameter, the output power increases as the gap interval 
increases. For larger wire diameters, the output power increases with higher gradients. 
That means the output power increases “faster” for thicker wires when the gap interval 
increases. As shown in Table 3.3-4, only a 0.02 mW increase happens for the 0.1 mm-
diameter wire when the gap interval increases from 0.2 mm to 0.5 mm, while for 0.2 




Wire diameter  dwire=0.1 mm dwire =0.15 mm dwire =0.2 mm 
Output power at 0.2 mm 
interval 
0.09 mW 0.11 mW 0.12 mW 
Output power at 0.5 mm 
interval 
0.11 mW 0.16 mW 0.20 mW 
Table 3.3-4 Corresponding output power of receiver coil at the gap invervals with 
different wire diameters with magnetic field strength = 1.5 A/m, coil diameter = 2 mm, 
operational frequency = 8 MHz and 100 turns 
For different wire diameters, however, for the present range of gap interval, the 
increase of wire diameter is not linear to the increase of output power. As shown in 
Table 3.3-4, while the 0.2 mm dwire is twice than 0.1 mm, the output power of the          
0.2 mm dwire coil is less than twice of the output power of the 0.1 mm dwire coil for the 
same gap interval. What’s more, the difference between the output powers of the  .  
mm dwire coil and of the 0.1 mm dwire coil decreases when the gap interval narrows. 
For a narrow gap interval, a thicker wire doesn’t always seem to guarantee a higher 
output power. For a gap interval from 0.2 mm to 0.25 mm, the difference between the 
output powers of the 0.15 mm wire and the 0.2 mm wire decreases and there is a 
crossover on the curves. The gap interval of crossover becomes larger for coils with 
a smaller number of turns, which is shown in Figure 3.3-7 with coils of 20 turns. The 
curve of 0.2 mm wire crossovers the curve of the 0.15 mm wire at about 0.22 mm gap 
interval, and crossovers the curve of the 0.1 mm wire at about 0.2 mm gap interval. 
This shows that the output power of thicker wires can be lower than the output power 
of thinner wires at a narrow gap interval. Therefore, with a limited coil length and a 
narrow gap interval, a thin wire is a better option for the air-core coil than a thick wire. 
Gap interval of 0.1 mm, wire diameter of 0.1 mm is a safe choice. 
 
Figure 3.3-7 Output power of air-core receiver coil in different wire diameters 
(0.1mm, 0.15mm and 0.2mm) for a range of gap intervals between turns (0.2mm to 
0.5mm) with coil diameter=2mm, magnetic field strength =1.5A/m, operational 
frequency=8MHz and 20 turns 
3.3.3.3 Summary 
The analysis in Section 3.3.3.2 shows that the air-core solenoid receiver coil with          
2 mm diameter cannot guarantee sufficient induced voltages and output powers for 
 
127 
the load in the target transfer distances with the optimised wireless power transmitter. 
Even though the output power from the 2 mm-diameter receiver coil can provide more 
than 13 mW at close transfer distances (<6 cm), the output power for a long distance 
(20 cm) is less than 0.1 mW. Moreover, the induced voltage for the 2 mm-diameter 
receiver is very small (<0.5 V) even with a large number of turns (200 turns) at this 
transfer distance. With this voltage level, the micro-implants at the load of the receiver 
will not be able to work properly without voltage-boost devices such as transformers 
or DC-DC converters, which will cause an increase of the size of the receiver or lower 
the operation efficiency.  
To verify the calculation results from the developed model, a simulation of induced 
voltage on the receiver coil is done in COMSOL Multiphysics with a variation of 
number of RX turns at a transfer distance of 20 cm. A demonstration of the coils is 
shown in Figure 3.3-8. The primary coil is the optimum coil for the 20 cm transfer 
distance with the same magnetic field strength distribution, as mentioned in Section 
3.2.4. The receiver coil is an air-core solenoid coil of 2 mm diameter and 0.1 mm gap 
interval and wire width and is situated at the axis of the primary coil.  
 
Figure 3.3-8 (top) Demonstration of optimum primary coil and air-core receiver coil 
(on the bottom-left of the image) at 20 cm transfer distnace in the COMSOL 
simulation and (bottom) an image of 200-turn receiver coil with 2 mm diameter and 
0.1 mm of gap interval and wire width. The receiver coil overall length=4cm. 
The simulation results are shown in Figure 3.3-9. The calculation results have the 
same trend as the simulation results, and the values are also very close to the 
simulation results in the range of turns, with a standard deviation of 0.47 mV. From 
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the comparison, the model for the air-core solenoid coil is valid for the present setting 
of dimensional parameters. Because of the low induced voltage and output power, 
the air-core solenoid receiver coil is not suitable for the proposed wireless power 
transfer system. In the next section, the ferrite-core solenoid will be analysed. 
 
Figure 3.3-9 Comparison of COMSOL simulation results, calculation results of 
induced voltages on the air-core receiver coil against the number of turns of receiver 
coil at 20 cm transfer distance 
3.3.4 Analysis of receiver with a ferrite-core solenoid coil 
3.3.4.1 Ferrite core 
In order to improve the induced voltage and the output power performance of the 
receiver solenoid coil, the ferrite core is used. The model of the ferrite-core solenoid 
coil refers to the content of Wireless power transfer for scaled electronic biomedical 
implants by P. Theilmann [136], page 89-96. 
For closed loop ferrite structures, such as an ideal toroid or infinitely long ferrite rods, 
if both of the primary coil and the receiver coil are wound tightly on the same ferrite, 
the induced voltage on the receiver coil can be calculated as [196], 
 𝑉𝐼𝑁𝐷−𝐶𝐹 = 𝑗𝜔𝜇0𝜇𝑟𝑁𝑅𝑋𝐻𝑧𝐴𝑒𝑓𝑓 (3.31) 
where 
• VIND-CF is the RMS induced voltage on the receiver coil mount on a closed 
ferrite 
• NRx is the number of turns of the receiver coil 
• Aeff is the effective area of the receiver coil 
• Hz is the magnetic field strength z-direction component 
• 𝜔 is the angular frequency of the magnetic field 


























• 𝜇𝑟 is the relative permeability of the ferrite  
However, if the ferrite core is only used at the receiver coil, a reduction of the magnetic 
flux will occur within the ferrite core because of the air gap at the ends of the ferrite 
core [197]. From (3.31), the induced voltage on the receiver coil will become 
 𝑉𝐼𝑁𝐷−𝐹 = 𝑗𝜔𝜇0𝜇𝑟−𝑒𝑓𝑓𝑁𝑅𝑋𝐻𝑧𝐴𝑒𝑓𝑓 (3.32) 
where 𝜇𝑟−𝑒𝑓𝑓 is the effective relative permeability of the ferrite. 
For an elliptical ferrite core shown in the left of Figure 3.3-10, the effective relative 
permeability of a ferrite can be calculated as [198], 
 𝜇𝑟−𝑒𝑓𝑓 =
𝜇𝑟
1 + 𝐷𝑓𝑒(𝜇𝑟 − 1)
 (3.33) 
where Dfe is the demagnetising factor of the ellipsoid [197][199], 
 
Figure 3.3-10 Demonstration of an elliptical ferrite core and a cylindrical ferrite core 











(𝑒𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙) (3.35) 
 𝑅𝑠 = √(𝑠 + 𝑎
2)(𝑠 + 𝑏2)(𝑠 + 𝑐2) (3.36) 
where s is the ellipsoidal coordinate.  
For long and thin ellipsoids, with which γ =
𝑙𝑅𝑥
𝐷𝑅𝑥








) − 2𝑒] (3.37) 
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) − 2𝑒] (3.39) 
For a cylindrical ferrite core with the same length and diameter as the elliptical core, 
as shown in the right of Figure 3.3-10, a modification of the demagnetising factor is 
needed. Based on the empirical analysis in [200], for long and thin cylindrical ferrite 
cores, the cylindrical demagnetising factor can be calculated as 










1 + 𝐷𝑓𝑐(𝜇𝑟 − 1)
 (3.41) 
Because of the losses from magnetic hysteresis and eddy currents in the ferrite core, 
the relative permeability of a ferrite core is a complex value, which is extended as 
[171] 




• 𝜇𝑟′ is the real component of the complex magnetic permeability of the ferrite, 
which is related to the inductance of the ferrite coil. 
• 𝜇𝑟′′ is the imaginary component of the complex magnetic permeability of the 
ferrite, which is related to the ferrite loss. 
From (3.41) and (3.42), the effective relative permeability can thus be calculated as 
 𝜇𝑟−𝑒𝑓𝑓 = 𝜇𝑟−𝑒𝑓𝑓
′ + 𝑗𝜇𝑟−𝑒𝑓𝑓
′′  (3.43) 
where 
 𝜇𝑟−𝑒𝑓𝑓
′ = 𝑅𝑒 (
𝜇𝑟







1 + 𝐷𝑓𝑐(𝜇𝑟 − 1)
) (3.45) 
From (3.32) and (3.43), the induced voltage on a cylindrical solenoid receiver coil can 
thus be calculated as 
 𝑉𝐼𝑁𝐷−𝐹 = 𝑗𝜔𝜇0𝜇𝑟−𝑒𝑓𝑓
′ 𝑁𝑅𝑋𝐻𝑧𝐴𝑒𝑓𝑓 (3.46) 
Based on the analysis above, the circuit model can be built for the ferrite-core 
cylindrical solenoid receiver coil. 
3.3.4.2 Circuit model 
In Section 3.3.2, an equivalent circuit has been built for the receiver coil to calculate 
the maximum output power from the coil. The circuit diagram is shown again here in 
Figure 3.3-11. 
 
Figure 3.3-11 Equivalent circuit of receiver with impedance matching circuit from the 
series L-C circuit side; the impedance of the rectifier has been converted to RRX, 
which is the total resistance of the series L-C circuit; the voltage source VIN equals 
to the induced voltage across the receiver coil. 
As discussed in Section 3.3.4.1, the induced voltage on a cylindrical solenoid coil with 
a ferrite core can be calculated as  
 𝑉𝐼𝑁𝐷−𝐹 = 𝑗𝜔𝜇0𝜇𝑟−𝑒𝑓𝑓
′ 𝑁𝑅𝑋𝐻𝑧𝐴𝑒𝑓𝑓 (3.47) 
where  
• VIND−F is the RMS induced voltage on the receiver coil mount on a ferrite 
• NRx is the number of turns of the receiver coil 
• Aeff is the effective area of the receiver coil 
• Hz is the magnetic field strength z-direction component 
• 𝜔 is the angular frequency of the magnetic field 
• 𝜇0 is the permeability of air space 
• μr−eff









In the circuit, the resistor RRX represents the total resistance of the receiver coil. For a 
cylindrical solenoid coil with a ferrite core [201],  
 𝑅𝑅𝑋 = 𝑅𝑓𝑒𝑟𝑟𝑖𝑡𝑒 + 𝑅𝐴𝐶−𝐶𝑜𝑖𝑙 (3.48) 
where RAC-Coil is the AC resistance of the receiver coil due to the skin effect and the 
proximity effect, which has been discussed in Section 2.3.3.4.  
Rferrite represents the losses in the ferrite core, which can be calculated as [201]  
 𝑅𝑓𝑒𝑟𝑟𝑖𝑡𝑒 = 𝜔𝐿0𝜇𝑟−𝑒𝑓𝑓
′′  (3.49) 
Here, μr−eff
′′  is the imaginary component of the effective relative permeability of the 
ferrite. L0 is the inductance of the coil without the ferrite core, which can be calculated 









2 ) + 10𝑙𝑅𝑋
 (3.50) 
This expression is most accurate when lRx>>0.1DRX. 
The inductance of the receiver coil with the ferrite core can be calculated as [201] 
 𝐿𝑓𝑒𝑟𝑟𝑖𝑡𝑒 = 𝜇𝑟−𝑒𝑓𝑓
′ 𝐿0 (3.51) 
As a result, by combining (3.26) (3.47) and (3.48), the output power from a cylindrical 







Based on the above analysis, the output power and the induced voltage performances 
of a cylindrical solenoid receiver coil with a ferrite core can be predicted and analysed. 
3.3.4.3 Induced voltage and output power analysis for receivers with a ferrite-core coil 
In this analysis, the same conditions are applied as the receivers with an air-core coil, 
which have been discussed in Section 3.3.3.2. The ferrite used here is the K1 material 



















Resonant circuit  
inductor 
1.5-12MHz 80-j5, ±25% 380A/m 
Table 3.3-5 Material properties for the material K1 from TDK Group Company [203] 
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As a preliminary setting, while the changes of induced voltage and output power with 
the variation of other parameters are observed, the wire diameter is set to be 0.1mm, 
which is approximately the wire width of AWG38 standard. Also, the gap interval is 
set to be the same as the wire diameter. 
The changes in the induced voltage and the output power will be discussed as follows. 
• A variation of the magnetic field strength from 0 to 20 A/m in different receiver 
coil diameters (1 mm, 2 mm, 4 mm) 
• A variation of the number of turns from 1 to 200 in different receiver coil 
diameters (1 mm, 2 mm, 4 mm) 
• A variation of the gap intervals between turns from 0.2 mm to 0.5 mm in 
different wire diameters (0.1 mm, 0.13 mm, 0.16 mm) 
In the first analysis with different magnetic field strengths, it is assumed that the 
magnetic field strength is uniform through the whole length of the receiver coil. In the 
second and third analysis, the induced voltage and output power of the receiver coil 
will be analysed with the presence of the optimised wireless power transmitter at the 
specific transfer distance (20 cm). This means the magnetic field in the receiver coil 
will not be uniform and will weaken as the distance from the transmitter increases. A 
more accurate prediction can thus be obtained. The calculation will assume that the 
transfer media is air. 
(1) A variation of magnetic field strength from 0 to 20 A/m in different receiver coil 
diameters (1 mm, 2 mm, 4 mm) 
The dimensional parameters (number of turns N, wire diameter dwire and gap interval 
p) of the ferrite-core receiver coil are the same as the parameters in the first analysis 
of the air-core coil in Section 3.3.3.2. 
The calculated VIND and POUT of the receiver coil are shown and compared with the 
calculated VIND and POUT of air-core coil in Table 3.3-6. As shown, the induced voltage 
of the 2 mm ferrite-core receiver coil for the range of magnetic field strength is much 
higher than the induced voltage of the air-core receiver coil with the same size and 
the same number of turns. At 1.5 A/m and 20 A/m, the induced voltages of the 2 mm 
ferrite-core coil are 0.9 V and 12.0 V, respectively, which are more than 30 times 
higher than the induced voltages of the air-core coil at the corresponding magnetic 







mm, N =100 
Air-core, DRx=2 mm,  
N =100 
Induced voltage VIND at 1.5 A/m 0.9 V 0.014 V 
Induced voltage VIND at 20 A/m 12.0V 0.40 V 
Output power Pout at 1.5 A/m 2.9 mW 0.07 mW 
Output power Pout at 20 A/m 517 mW 13.0 mW 
Table 3.3-6 (From calculation) comparison of induced voltages and output powers at 
two different magnetic field strengths between the ferrite-core coil and the air-core 
coil 
In terms of output power, the 2 mm ferrite-core coil has a much better performance 
than the 2 mm air-core coil. As shown in Table 3.3-6, at 1.5 A/m and 20 A/m, the output 
powers from the 2 mm ferrite-core coil are 2.9 mW and 517 mW, which are about 40 
times higher than the corresponding output power from the 2 mm air-core coil. 
However, the induced voltage for the ferrite coil with 100 turns is still not enough at 
1.5 A/m, higher turns are needed to meet the requirement of the system. 
(2) A variation of number of turns from 1 to 200 in different receiver coil diameters 
(1 mm, 2 mm, 4 mm) 
In this analysis, the induced voltage and the output power from the ferrite-core 
receiver coil are calculated in the situation where the receiver is located at 20 cm 
distance from the optimised wireless power transmitter. Therefore, the magnetic field 
inside the receiver coil is not uniform, which is closer to the real situation. 
Except for the number of turns, the dimensional parameters (wire diameter dwire, gap 
interval p) of the ferrite-core receiver coil are the same as the parameters in the 
second analysis of the air-core coil in Section 3.3.3.2. 
The calculated induced voltages and output power with a variation of the number of 
turns for the ferrite-core receiver coil are shown in Table 3.3-7 and Table 3.3-8. 
Number of turns N =50 N =100 N =200 
VIND for DRX=4 mm (V) 0.45 1.70 5.95 
VIND for DRX=2 mm (V) 0.22 0.82 2.46 
VIND for DRX=1 mm (V) 0.11 0.34 0.81 
VIND ratio for DRX=4 mm/DRX=2 mm 2.0 2.07 2.4 
VIND ratio for DRX=4 mm/DRX=1 mm 4.1 5.0 7.3 
Table 3.3-7 (From calculation) RMS induced voltage on the coils with the three 
diameters at the three numbers of turns and their ratios 
Number of turns N =50 N =100 N =200 
POUT for DRX=4 mm (mW) 4.7 10.0 16.2 
POUT for DRX=2 mm (mW) 1.3 2.4 3.9 
POUT for DRX=1 mm (mW) 0.32 0.59 0.96 
POUT ratio for DRX=4 mm/DRX=2 mm 3.6 4.2 4.2 
POUT ratio for DRX=4 mm/DRX=1 mm 14.7 16.9 16.9 
Table 3.3-8 (From calculation) output power from the coils with the three diameters 
at the three numbers of turns and their ratios 
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For ferrite-core coils with larger diameters, the induced voltage and output power are 
higher, and the ratio of induced voltage between coils of different diameters is higher 
at a higher number of turns. At 200 turns, the induced voltage ratios are 2.4 (for DRX=4 
mm/DRX=2 mm) and 7.3 (for DRX=4 mm/DRX=1 mm). This means that the induced 
voltage on a single receiver coil with 4mm diameter can be more than the total 
voltages induced by two 2-mm receiver coils or seven 1-mm receiver coils with the 
same turn number. For the presented turn numbers, the induced voltage ratio 
increases as the turn number increases. The output power, however, does not have 
an apparent trend. The output power ratio for DRX=4 mm/DRX=2 mm varies from 3.6 at 
50 turns to 4.2 at 100 and 200 turns. The output power ratio for DRX=4 mm/DRX=1 mm 
varies from 14.7 at 50 turns to 16.9 at 100 and 200 turns. The reason for the same 
power ratio at 100 and 200 turns is because as the magnetic field gets weaker at a 
further transfer distance, the field strength at the far end of the receiver coil is weaker 
than the field strength at the close end. Therefore, the effect from the increase of AC 
resistance balances the effect from the increase of induced voltage, causing the 
output power ratio to remain at the same value. 
A comparison of the sizes between a 4 mm-diameter coil and three 2 mm-diameter 
coils and twelves 1 mm-diameter coils is shown in Figure 3.3-12. Three 2 mm-
diameter coils already occupy more spaces than a 4 mm-diameter coil, and twelves 1 
mm-diameter coils occupy a similar space as a 4 mm-diameter coil. Therefore, to 
generate the same output power, with consideration of the proximity effect between 
coils, much more spaces are required for coils with small diameters than coils with 
larger diameters. Because the space for the receiver is very limited within the patients’ 
body, with the present parameters, a ferrite-core coil with a larger diameter will be 
able to induce a higher voltage and provide more output power than a number of 
smaller coils that take a similar space.  
 
Figure 3.3-12 Size comparison between a 4 mm-diameter circle and three 2 mm-
diameter circles and twelve 1 mm-diameter circles  
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For the 2-mm ferrite-core receiver coil, the maximum induced voltage and output 
power is achieved when N =250 under the length restriction of the implant. The 
corresponding induced voltage and the output power are 3.27 V and 4.4 mW, which 
are sufficient to meet the requirement of implant.   
(3) A variation of gap intervals between turns from 0.2 mm to 0.5 mm in different 
wire diameters (0.1 mm, 0.13 mm, 0.16 mm) 
The sizes of wire diameter are chosen based on the diameter of AWG38 (0.101 mm), 
AWG36 (0.127 mm) and AWG34 (0.160 mm).  
The changes in the output power with the variation of the gap interval and different 
wire diameters are shown in Figure 3.3-13. 
 
Figure 3.3-13 (From calculation) RMS induced voltage of ferrite-core receiver coil in 
different wire diameter (0.1 mm, 0.15 mm and 0.2 mm) for a range of gap intervals 
between turns (0.2 mm to 0.5 mm) with coil diameter = 2 mm, and operational 
frequency = 8 MHz and 100 turns, at 20 cm transfer distance with the optimised 
wireless power transmitter 
For the same wire diameter, the output power increases linearly with the increase of 
gap interval at this range of gap interval. The output power is less than doubled when 
the gap interval increases from 0.2 mm to 0.5 mm for the same wire diameter, which 
means a 2-time increase in length can cause a 1.37-time increase in the output power 
for 1   turns. This is less “space-efficient” than the change in the number of turns.  
For the same gap interval, a 0.03 mm (30% of 0.1 mm) change in diameter does not 
have a significant effect on the output power with the present coil parameters. The 
average difference between the dwire=0.1 mm output power and the dwire=0.13 mm is 
0.06 mW (1.4% of the average output power of dwire=0.1 mm at this gap interval range), 
and it is 0.05 mW (1.3% of the average output power of dwire=0.13 mm at this gap 
interval range) between the output powers of dwire=0.13 mm and dwire=0.16 mm. The 
difference between output powers increases as the gap interval increases, but it 
decreases as the wire diameter increases. 
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From the above analysis, it shows that the effect of change in wire diameter on output 
power is insignificant and the effect of change in gap interval on output power is less 
“effective” than the change in the number of turns. 
3.3.4.4 Summary 
In Section 3.3.4, the model of a receiver with a ferrite-core coil has been built. The 
induced voltage and output power from the ferrite-core coil are analysed in different 
magnetic field strengths, different coil diameters, different numbers of turns, different 
gap intervals and different wire diameters.  
Overall, the ferrite-core coil has a much higher induced voltage (more than 30 times) 
and a much higher output power (more than 40 times) than the air-core coil with the 
same parameters and the same magnetic field strength. A 2 mm ferrite-core coil with 
250 turns, 0.1 mm wire diameter and 0.1 mm gap interval can induce a voltage more 
than 3.27 V and has an output power of 4.4 mW at 20 cm transfer distance with the 
proposed optimised wireless power. These values are sufficient to meet the 
requirement of the target implant.  
The choice of wire diameter and gap interval is less significant for the receiver coil. 
The change in gap interval has less impact on the output power than the change in 
the number of turns with the same increase of coil length. The impact of the change 
in wire diameter is even smaller. A 30% change in wire diameter only results in a 1.4% 
change in the output power. It shows that the preliminary values of wire diameter (0.1 
mm) and gap interval (0.1 mm) are suitable for the receiver coil, and there is no need 
to change them.  
To verify the calculation results from the developed model, a simulation of induced 
voltage on the ferrite-core receiver coil is done in COMSOL Multiphysics with a 
variation of number of RX turns at a transfer distance of 20 cm. A demonstration of 
the coils is shown in Figure 3.3-15. The primary coil is the optimum coil for the 20 cm 
transfer distance with the same magnetic field strength distribution, as mentioned in 
Section 3.2.4. The receiver coil is a ferrite-core solenoid coil of 2 mm-diameter and 
0.1 mm gap interval and wire width. The simulation results are shown in Figure 3.3-14. 
The calculation results are very close to the simulation results in the range of turns, 
with a standard difference of 0.19 V. The larger difference between the results in N=80 
and 200 is because of the variation of the length of the ferrite-core, which will cause 
the induced voltage to vary. From the comparison, the model for the ferrite-core 




Figure 3.3-14 Comparison of COMSOL simulation results, calculation results of 
induced voltages on the ferrite-core receiver coil against the number of turns of 
receiver coil at 20 cm transfer distance 
 
Figure 3.3-15 (Top) Demonstration of the optimum primary and the ferrite-core 
receiver coil (on the bottom-left of the image) at 20 cm-transfer-distnace in COMSOL 
simulation and (bottom) a close image of the 200-turn receiver coil with 2 mm 
diameter, 0.1 mm gap interval and 0.1 mm wire width. The coil overall length is 4 cm. 
With the analysis above, it can be decided that ferrite-core coils are suitable to be the 
receiver coil in the proposed wireless power transfer system for medical micro-
implants. Within the size limitation (≤2 mm diameter) and the required transfer 
distance (10 cm to 20 cm), the ferrite-core coil is likely to provide sufficient induced 
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In the next section, the design of the receiver coil and the receiver circuit will be 
discussed based on the power requirement of a load. 
3.3.5 Receiver design flow 
The circuit diagram of the receiver circuit in the proposed wireless power transfer 
system is shown again in Figure 3.3-16 with the load represented by an equivalent 
resistor RLoad and an equivalent capacitor CLoad. The design of the receiver circuit is 
aimed primarily at meeting the power requirement of the load under the size and 
transfer distance restrictions. This is not the same as the design of the transmitter, 
which aims to find the optimum parameters to achieve a maximum magnetic field 
strength, with no restriction on the physical size.  
 
Figure 3.3-16 Circuit diagram of the receiver circuit with a T impedance matching 
circuit 
Before the start of the design process, it is necessary to decide what the conditions 
are and what results should be obtained. These are shown in Table 3.3-9. Among the 
conditions, the load is a medical micro-implant with specified working conditions. Thus, 
the required load power PLoad and voltage VLoad are known. The diameter of the coil is 
restricted by the injection needle and the package; therefore, the max coil diameter 
DRx-max will be slightly lower than the inner diameter of the needle. The coil length, 
however, has no strict restriction, but it should be kept small to minimise its effect on 
patients. Moreover, the operational frequency f and the maximum transfer distance 
hNpri-max are decided when the transmitter is designed. The body tissue parameters 
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Table 3.3-9 Conditions and targets for the design of receiver circuit 
Besides these conditions, there are a few more parameters that need to be decided. 
Firstly, a rectifier should be chosen to convert AC power to DC on the receiver coil. 
Here, the load required power and voltage will be the output power and output voltage 
of the rectifier. The power efficiency η and the voltage conversion ratio VCR of the 
rectifier can thus be obtained based on the output values. Secondly, the receiver coil 
diameter DRX, wire diameter dwire and gap interval pRX should be decided, because they 
are either decided by the size restriction (DRX) or having little effect on the output 
power and induced voltage of the receiver coil (dwire). Because the change in the 
number of turns NRX has a stronger effect on the change in output power than the gap 
interval pRX, the gap interval pRX is kept small and constant during the design to keep 
the overall coil length small. Finally, the ferrite material should be decided. The ferrite 
material should have a moderate real relative permeability to boost the induced 
voltage, as well as a low dielectric constant to keep the coil SRF high. The optimum 
frequency range of the ferrite should also fit the operational frequency f. 




Figure 3.3-17 Design flow of the receiver circuit 
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The first target is the number of turns, which is the only variable of the receiver coil 
that has not yet been decided. In order to calculate this, the required output power 
POUT-coil-req of the receiver coil needs to be obtained. This is calculated from the load 
power requirement and the rectifier power efficiency, which leads to the required input 
power of the rectifier. Because the power loss at the impedance matching circuit is 
negligible, the output power of the receiver coil is the same as the input power of the 
rectifier. Therefore, the required input power of the rectifier is the required output 
power POUT-coil-req of the receiver coil. It should be noted that redundancy is needed to 
decide the value of the load power requirement in case of unexpected losses in the 
circuit. 
Once POUT-coil-req is obtained, the number of turns NRX of the receiver coil can be 
calculated with the expression (3.52) in Section 3.3.4.2 with the conditions decided in 
Table 3.3-9. The calculation should consider the worst-case scenario, in which the 
whole transfer path is filled with conductive human tissues, to make sure enough 
power can be received by the receiver coil. After this, the length of the receiver coil 
lRX can be obtained. If the length is under the size restriction, the design can proceed; 
if not, the wire diameter dwire may have to be reduced to shorten the coil length 
because the change in wire diameter has the least effect on the change in receiver 
output power. After changing the wire diameter, the number of turns NRX should be 
recalculated, and so should the coil length. 
Once the coil length is under the size restriction, the electrical parameters of the 
receiver coil can be calculated, which are the receiver coil inductance LRX, receiver 
coil self-capacitance CRX, receiver coil self-resistance RRX. With the coil inductance LRX 
and self-capacitance CRX, the value of the resonance capacitor can be picked up to 
make the circuit resonant at operational frequency f. It should be noted that the 
calculation of the coil self-capacitance needs to consider the external media, which is 
no longer air, but the packaging material surrounded by human body tissues. The 
external dielectric constant thus is the dielectric material of the packaging material 
with some adjustments for the human body tissues.  
The coil self-resistance RRX is needed in the design of the impedance matching circuit. 
Because the output of the impedance matching circuit is the rectifier, the input 
impedance ZRec of the rectifier with load should be matched to the coil self-resistance 
RRX at the operational frequency f with the help of the impedance matching circuit. 
Because the proposed wireless power transfer system only works at one frequency, 
the bandwidth of the impedance matching circuit can be narrow. However, the output 
voltage VM-out of the impedance matching circuit should be higher than the required 
input voltage Vrec-in-req of the rectifier to meet the load required voltage VLoad. If VM-out 
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<Vrec-in-req, the impedance matching circuit should be adjusted or the number of turns 
of the receiver coil should be increased. Otherwise, the circuit can be built and tested. 
3.3.6 Summary of the section 
In Section 3.3, the receiver in the proposed wireless power transfer system is 
discussed. The receiver circuit model is built based on air-core solenoid coils and 
ferrite-core solenoid coils, with a coil diameter within 2 mm. Within the circuit, an 
impedance matching network is applied for the maximum output power from the 
receiver coil, which is independent of the load condition.  
The induced voltage and the output power of the receiver coil are analysed 
respectively for air-core solenoid coils and ferrite-core solenoid coils.  
For the air-core coils, it shows that for long transfer distances (>4 cm), the induced 
voltage and the output power from the coil are not sufficient for the operation of the 
medical micro-implants given the optimum transmitter coils. Both the increases in the 
number of turns and the gap interval (in a 0.1 mm scale) between turns can improve 
the induced voltage and the output power but in the compensation of longer coil 
lengths. Between these two improvement methods, the increase in the number of 
turns is more effective than the increase of gap interval. However, even with a high 
number of turns (200), the induced voltage and output power are barely sufficient for 
micro-implants.  
For the ferrite-core coils, it shows that sufficient induced voltage and output power 
from the coil can be guaranteed even with power attenuation in transfer media. For 
the same dimensional parameters, the induced voltage from the ferrite-core coils is 
more than 30 times the induced voltage from the air-core coils, and the output power 
is more than 40 times. With the strong performance in induced voltage and output 
power, the diameter and length of the ferrite-core receiver coil can be more flexible in 
the design of wireless power transfer system.  
A design flow of the receiver coil circuit is introduced based on the analysis of the 
ferrite-core solenoid coil model. The aim is to determine the dimensional parameters 
of the receiver coil based on the required input power of rectifier and load. With the 
coil diameter fixed by the clinical situation, the only flexible variable of the receiver coil 
is the number of turns, because both the wire diameter and the gap interval are less 
effective in the decision of induced voltage and output power while changing the same 
length of the coil. Once the dimensional parameters are decided, the impedance 
matching circuit can be designed based on the AC resistance of the receiver coil and 
the impedance of rectifier and load. 
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3.4 Summary of the chapter 
In this chapter, a weakly-coupled magnetic resonance wireless power transfer system 
is developed based on air-core solenoid coils as the transmitter coils and a ferrite-
core solenoid coil as the receiver coil.  
 
Figure 3.4-1 System diagram of the proposed magnetic coupling resonance WPT 
system including the magnetic coupling link and the rectifier and load at the receiver 
As shown in Figure 3.4-1, the transmitter is a two-coil system: a single-turn coupling 
coil is connected to a power source with an impedance matching network in between; 
and a primary coil in the axis of the coupling coil which is resonated by a tuning 
capacitor. A model is built for the transmitter based on the bidirectional reflectance 
impedance analysis. Experimental results are compared with the model theoretical 
results, and good agreements are shown between them. Based on the model, the 
magnetic field generated by the primary coil is calculated, and the co-dependencies 
between primary coil parameters in the decision of maximum magnetic field are 
analysed. The analysis of parameter co-dependencies leads to the fact that a unique 
set of primary coil dimensional parameters exists to obtain a maximum magnetic field 
strength for a certain transfer distance and a certain operational frequency. With this 
understanding, a design flow of the transmitter system is introduced to obtain the 
optimum set of transmitter parameters for the proposed wireless power transfer 
system. The analysis also leads to a further discovery that the most effective solenoid 
structure for near field wireless power transfer system is a conical solenoid. The 
performance of conical solenoid coil in the wireless power transfer system is worth 
researching in the future work. 
The receiver coil is a solenoid coil whose diameter is fixed to be less than 2 mm by 
the clinical situation. Circuit models are developed based on air-core solenoid coils 
and ferrite-core solenoid coils, respectively. The performances of both models are 
analysed with the wireless power transmitter optimised for 20 cm transfer distance. 
The analysis shows that the ferrite-core receiver coil is capable of providing enough 
power to micro-implants within conductive media at a long transfer distance (up to 20 
cm) under the size restrictions. The air-core receiver coil, however, will only be able 
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to provide a similar amount of power in a short transfer distance (<4 cm) within the air. 
A design flow of the receiver circuit is also introduced to determine the dimensional 
parameters of the receiver coil based on the required input power of rectifier and load.  
The analysis of the weakly-coupled magnetic resonance wireless power transfer 
system assumes that the operation of the receiver has little effect on the operation of 
the transmitter. This assumption is acceptable in the analysis of power because the 
diameter difference between the transmitter and the receiver is quite large (20 cm vs 
2 mm) and the transfer distance is much larger than the diameter of the receiver (10-
20 cm vs 2 mm). Moreover, any loading effect caused by the receiver at the transmitter 
can be compensated by the increase of input power of the transmitter. However, the 
model in this chapter also assumes that the magnetic link is a perfect voltage source 
with no source impedance. The calculated receiver output power and voltage are thus 
different from the actual values. In the analysis of the full WPT system in Chapter 5, 
the circuit model will be developed to combine the transmitter and the receiver so that 
the actual delivered power to load will be assessed. 




Chapter 4 Rectifier on Chip 
4.1 Circuit theory for rectifiers 
Key aims of this section 
• The operation of a general rectifier will be introduced. 
• The energy losses in a general rectifier will be introduced and analysed. 
• Ways to calculate the power efficiency of a general rectifier will be introduced. 
A rectifier is a device that converts an alternating current (AC) to a direct current (DC). 
A good rectifier for low voltage on-chip applications should fulfil the following 
requirements: 
• A low voltage drop between input and output 
• Small voltage ripples at output 
• A high rectification power efficiency 
A block diagram of a rectifier is shown in Figure 4.1-1. In general, the efficiency of a 
rectifier is the overall efficiency over time, which is defined as the ratio of the output 
energy against the input energy within a certain time.  
 
Figure 4.1-1 Block diagram of a rectifier. 𝑣𝐼𝑁(𝑡) is the input voltage, 𝑖𝐼𝑁(𝑡) is the 
input current; 𝑣𝑂𝑈𝑇(𝑡) is the output voltage, 𝑖𝑂𝑈𝑇(𝑡)is the output current 
In mathematic form, the output energy 𝐸𝑂𝑈𝑇 and the input energy 𝐸𝐼𝑁 within a time 𝑡0 
are described as follows [209] 
 𝐸𝑂𝑈𝑇 = ∫ 𝑝𝑂𝑈𝑇(𝑡)
𝑡0
0




 𝐸𝐼𝑁 = ∫ 𝑝𝐼𝑁(𝑡)
𝑡0
0
𝑑𝑡 = ∫ 𝑣𝐼𝑁(𝑡)
𝑡0
0
𝑖𝐼𝑁(𝑡)𝑑𝑡  (4.2) 
where 𝑝𝐼𝑁  is the instantaneous input power and 𝑝𝑂𝑈𝑇  is the instantaneous output 
power. 
The overall efficiency of a rectifier is thus described as [209] 
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For a periodic input (i.e. sine wave input), the overall efficiency of a rectifier in a long 
enough time is equal to the efficiency of a rectifier within a cycle at steady state. In 
this case, assuming that the rectifier works in steady state at time 𝑡0, the output energy, 
input energy and the efficiency of the rectifier can be described as follows [209] 
 𝐸𝑂𝑈𝑇(𝑇) = ∫ 𝑝𝑂𝑈𝑇(𝑡)
𝑡0+𝑇
𝑡0




 𝐸𝐼𝑁(𝑇) = ∫ 𝑝𝐼𝑁(𝑡)
𝑡0+𝑇
𝑡0
𝑑𝑡 = ∫ 𝑣𝐼𝑁(𝑡)
𝑡0+𝑇
𝑡0
𝑖𝐼𝑁(𝑡)𝑑𝑡  (4.5) 




where 𝑇 is the time of a cycle of the periodic input. 
For a practical rectifier, 0 < 𝜂𝑂𝑣𝑒𝑟𝑟𝑎𝑙𝑙 < 1, which means the output energy 𝐸𝑂𝑈𝑇 will 
not be able to equal to the input energy 𝐸𝐼𝑁. The difference between 𝐸𝑂𝑈𝑇 and 𝐸𝐼𝑁 is 
called loss.  
For conventional rectifiers with passive rectification components (i.e. PN-junction 
diodes in Figure 4.1-2, the triangle with an n), the loss mainly comes from the 
rectification components [209]. The relation between 𝐸𝑂𝑈𝑇 and 𝐸𝐼𝑁 can be written as 
follows, 
 𝐸𝑂𝑈𝑇 = 𝐸𝐼𝑁 − 𝐸𝑑𝑖𝑜𝑑𝑒 − 𝐸𝑜𝑡ℎ𝑒𝑟 (4.7) 
 
Figure 4.1-2 Illustrative circuit diagram for a conventional rectifier with a number of n 
working PN-junction diodes at an arbitrary time. 𝑣𝑑𝑖𝑜𝑑𝑒(𝑡) is the total voltage across 
the diodes; 𝑖𝑑𝑖𝑜𝑑𝑒(𝑡) is the amount of current through the diodes; 𝑉𝑡ℎ is the threshold 
voltage of the diodes 
The loss of energy in the diodes can be divided into two parts. One is the heat loss of 
the diodes and the other one is the leakage loss of the diodes. The heat loss is due 
to the current through the PN-junction of the diode. The leakage loss is due to the 
leakage current through the parasitic capacitance between the diode and ground in 
high frequencies [209]. 
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 𝐸𝑑𝑖𝑜𝑑𝑒 = 𝐸ℎ𝑒𝑎𝑡 + 𝐸𝑙𝑒𝑎𝑘 (4.8) 
 
𝐸ℎ𝑒𝑎𝑡 = ∫ 𝑣𝑑𝑖𝑜𝑑𝑒(𝑡)
𝑡0
0













For rectifiers with active rectification components (i.e. PMOS, P-type Metal-Oxide-
Semiconductor, in Figure 4.1-3 and Figure 4.1-4), the loss is mainly from the heat loss 
of the PMOS, the leakage loss due to the reverse currents from the output, and the 
energy consumed by the MOSFET control circuit [209].  
 𝐸𝑂𝑈𝑇 = 𝐸𝐼𝑁 − 𝐸ℎ𝑒𝑎𝑡 − 𝐸𝑅𝐸𝑉 − 𝐸𝐶𝑇𝐿 − 𝐸𝑜𝑡ℎ𝑒𝑟 (4.11) 
 
Figure 4.1-3 Illustrative circuit diagram for a PMOS rectifier with the control circuit 
current from the input. The upper diagram is when 𝑣𝐼𝑁(𝑡)> 𝑣𝑂𝑈𝑇(𝑡); the bottom 
diagram is when 𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡). 𝑣𝑠𝑑(𝑡) and 𝑣𝑑𝑠(𝑡) are the voltage across the 
source and drain of the PMOS in the two different situations. 𝑖𝑅𝐸𝑉(𝑡) is the reverse 
current flowing from the output to the input when 𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡). The block 
“ ontrol” is the control circuit to control the gate voltage of the PMOS. 𝑖𝐶𝑇𝐿(𝑡) is the 
current from the input to power the control circuit. 
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Figure 4.1-4 Illustrative circuit diagram for a PMOS rectifier with the control circuit 
current from the output. The upper diagram is when 𝑣𝐼𝑁(𝑡)> 𝑣𝑂𝑈𝑇(𝑡); the bottom 
diagram is when 𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡) 
When 𝑣𝐼𝑁(𝑡)> 𝑣𝑂𝑈𝑇(𝑡), the forward current 𝑖𝑠𝑑(𝑡) flows from the source to the drain 
through the PMOS, there will be a voltage drop 𝑣𝑠𝑑(𝑡) across the source and the drain 
of the PMOS. Like a resistor, in which (𝑉𝑅𝐼𝑅) is the heat loss, 𝑖𝑠𝑑(𝑡)𝑣𝑠𝑑(𝑡) equals to 
the instantaneous heat loss of the PMO .  rom the author’s analysis, the heat loss 
can be calculated as  
 𝐸ℎ𝑒𝑎𝑡 = ∫ 𝑣𝑠𝑑(𝑡)
𝑡0
0




For the PMOS rectifier with 𝑖𝐶𝑇𝐿(𝑡) from the input in Figure 4.1-3,  
 𝑖𝑠𝑑(𝑡) = 𝑖𝐹𝑊𝐷(𝑡) = 𝑖𝐼𝑁(𝑡) − 𝑖𝐶𝑇𝐿(𝑡) (4.13) 




For the PMOS rectifier with 𝑖𝐶𝑇𝐿(𝑡) from the output in Figure 4.1-4,  
 𝑖𝑠𝑑(𝑡) = 𝑖𝐼𝑁(𝑡) = 𝑖𝐹𝑊𝐷(𝑡) + 𝑖𝐶𝑇𝐿(𝑡) (4.15) 




Here, the power capability is introduced to define the ability of the rectifier to supply 
current to the load. The power capability of rectifiers can be measured by the total 
amount of forward output current from a rectifier within a certain time for a specific 
load. With the same load, a higher total amount of forward current means a stronger 
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power capability. The power capability of a rectifier can also be measured using the 









 𝐸𝐹𝑊𝐷 = 𝐸𝐼𝑁 − 𝐸ℎ𝑒𝑎𝑡 − 𝐸𝐶𝑇𝐿 − 𝐸𝑜𝑡ℎ𝑒𝑟 (4.19) 
The term 𝐸𝐹𝑊𝐷 describes the maximum amount of energy received by the output (i.e. 
energy in the forward direction to the output) without considering the reverse leakage 
loss. The term 𝜂𝐹𝑊𝐷 =
𝐸𝐹𝑊𝐷
𝐸𝐼𝑁
 describes the maximum efficiency the rectifier can 
achieve if the reverse loss is not considered, which can be used to describe how 
strong the power capability is for a rectifier in the forward direction. The higher ηFWD 
is, the stronger the power capability will be.  
When 𝑣𝐼𝑁(𝑡)< 𝑣𝑂𝑈𝑇(𝑡), if the PMOS is not able to turn off completely, reverse currents 
will flow from the output to the input, as illustrated in the bottom figures in Figure 4.1-3 
and Figure 4.1-4. Because this current is not used by the load, it is treated as an 
energy loss and is described as 𝐸𝑅𝐸𝑉.  rom author’s analysis, 




The actual output energy 𝐸𝑂𝑈𝑇  that is consumed and stored by the load is the 
difference between 𝐸𝐹𝑊𝐷 and 𝐸𝑅𝐸𝑉, 
 𝐸𝑂𝑈𝑇 = 𝐸𝐹𝑊𝐷 − 𝐸𝑅𝐸𝑉 (4.21) 
The energy loss 𝐸𝐶𝑇𝐿 is the total energy loss from the circuits that control the on-off 
switching of the PMOS and ensure the PMOS works properly. As a circuit used in a 
power supply, the energy used for controlling the rectifier comes from the rectifier 
itself. The amount of 𝐸𝐶𝑇𝐿 is determined by the complexity of the control circuits. In 
general, the more complex the control of PMOS is, the higher 𝐸𝐶𝑇𝐿 will be. 
For a simple PMOS rectifier such as the self-synchronous rectifier, the heat loss and 
the leakage loss play a dominant role in the total loss. In order to reduce the heat loss 
and the leakage loss, complex circuits are added to control the on-off switching of the 
PMOS. However, this will increase the control energy loss of the rectifier. A balance 
between the control loss and the heat & leakage loss should be achieved to obtain a 
high overall efficiency. 
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To evaluate how efficient a rectifier works, the term efficiency η is introduced, which 
is the ratio of energy or a loss within the rectifier over the total input energy. 
For a junction-diode rectifier, from (4.7), the efficiencies fulfil the following equation. 
 𝜂𝑂𝑈𝑇 + 𝜂𝑑𝑖𝑜𝑑𝑒 + 𝜂𝑜𝑡ℎ𝑒𝑟 = 1 (4.22) 
where 𝜂𝑂𝑈𝑇 is the output efficiency, which is the ratio of output energy over the input 
energy. 𝜂𝑑𝑖𝑜𝑑𝑒 is the ratio of energy loss through the diodes over the input energy. 
𝜂𝑜𝑡ℎ𝑒𝑟 is the ratio of other energy loss over the input energy. The sum of the three 
efficiencies is 1.  
For an active rectifier with MOSFETs, from (4.11) and (4.21), the efficiencies fulfil the 
following equation. 
 𝜂𝑂𝑈𝑇 + 𝜂ℎ𝑒𝑎𝑡 + 𝜂𝑅𝐸𝑉 + 𝜂𝐶𝑇𝐿 + 𝜂𝑜𝑡ℎ𝑒𝑟 = 1 (4.23) 
 𝜂𝑂𝑈𝑇 = 𝜂𝐹𝑊𝐷 − 𝜂𝑅𝐸𝑉 (4.24) 
In the equation, 𝜂𝑂𝑈𝑇 is the ratio of output energy over the total input energy; 𝜂ℎ𝑒𝑎𝑡 is 
the ratio of heat energy loss over total input energy; 𝜂𝐹𝑊𝐷 is the ratio of forward energy 
to the load over total input energy; 𝜂𝑅𝐸𝑉 is the ratio of reverse leakage energy over 
the total input energy; 𝜂𝐶𝑇𝐿 is the ratio of control energy over the total input energy; 
𝜂𝑜𝑡ℎ𝑒𝑟 is the ratio of other energy loss over the total input energy. The sum of these 
efficiencies is 1. 
With the definition of parameters of the rectifier circuit, the performance of the 
rectifiers can be analysed, which will be based on the output efficiency, the output 
voltage values and the voltage conversion ratio (the output RMS voltage to the input 




4.2 Conventional rectifier performance 
• A conventional rectifier circuit will be introduced. 
• The operation of the rectifier will be analysed. 
• The efficiency and voltage conversion ratio of the rectifier will be discussed. 
Conventional rectifiers use junction-diodes as rectification components. Because 
diodes only allow currents to flow in one direction, from its P-junction to its N-junction, 
it blocks any reverse current.    
The simplest form of rectifier is as in Figure 4.2-1. 
 
Figure 4.2-1 Half-wave rectifier with a 1:1 transformer as the input source [210] 
In this circuit, current will flow only in the positive cycle of the AC source in the direction 
from A to B, therefore the output voltage will only be in one direction. 










• VRMS is the root mean square value of output voltage 
• VDC is the average voltage of output voltage 
• Vpeak is the peak voltage of input voltage 
• Vth is the threshold voltage of diode 
Although this simple circuit achieves the rectification function, it has a high voltage 
drop between input and output in terms of RMS voltage and it has large ripples at the 
output which requires a large smoothing capacitor, both of which are unacceptable in 
low voltage on-chip applications. 
To increase the output RMS voltage and reduce ripples, full-wave rectifiers can be 






Figure 4.2-2 Full-wave rectifier with a centre-tapped 1:2 transformer [210]  
In the source positive cycle, a current will flow in the path A-B-D. In the source 
negative cycle, a current will flow in the path C-B-D. Therefore, a current will flow to 
the output load in the whole cycle.   









The output voltage of this circuit is much improved. The RMS output voltage of the 
full-wave rectifier is √2 times of the RMS output value of the single-phase rectifier. 
The average output voltage is twice the average output value of the single-phase 
rectifier. Because there is a current flowing in both the positive cycle and the negative 
cycle of the source, the ripple level at the output is much reduced, and the smoothing 
capacitor needed will be much smaller.  
For low voltage on-chip applications, the threshold voltage of the diode will have a 
significant impact on the performance of a rectifier. In the application of wireless 
powered deep implants, the input terminal voltage of the receiver can be lower than 
2V. In this case, the 0.7V threshold voltage of a junction-diode cannot be neglected. 
According to equations (4.27) and (4.28), at least 35% of input power is lost in the 
form of heat in the diodes.  
Another drawback in the use of silicon junction-diode is the diodes current leakage. 
This is due to the parasitic capacitance in the diodes. At high operating frequencies, 
a current will flow through the parasitic capacitor to the substrate, which will cause a 
loss in power. The amount of loss depends on the size of the diode and the operational 
frequency. A diode with large size will have a larger parasitic capacitance, which will 
cause a higher loss. The higher the operational frequency is, the higher the loss will 
be.  
On account of their lower threshold voltage, Schottky diodes can be a good 








a normal silicon junction-diode due to a higher parasitic capacitance between the ends 
of the Schottky diode at a high frequency (as shown in Figure 4.2-3), which will cause 
larger reduction in the power conversion efficiency.  
 
Figure 4.2-3 Schottky diode with parasitic capacitor 
In order to avoid the leakage problems of the junction-diode rectifiers, diode-
connected MOSFETs are used. The rectifier circuit is as shown in Figure 4.2-4. The 
gate of the PMOS is connected to its drain. 
 
Figure 4.2-4 Rectifier circuit with the diode-connected PMOS M1 as the rectification 
component 
In this circuit, the PMOS M1 is the main rectification component. The PMOSs M4 and 
M5 are added into the circuit to define the substrate voltage of the PMOS M1. The 
gate of M5 is connected to the input, and the gate of M4 is connected to the output. 
The source of M4 is connected to the input, and the source of M5 is connected to the 
output. The drains of M4 and M5 are connected to each other.  
During operation, the voltage at point A will be equal to the difference between the 
higher voltage of either the input or the output and the voltage drop across the drain 
and source of a PMOS. 
When 𝑉𝐼𝑁 is more than 𝑉𝑂𝑈𝑇,  
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1. M4 will turn on, and M5 will turn off.  
2. The voltage 𝑉𝐴 at point A will then be equal to 𝑉𝐼𝑁. Because M5 is turned off, 
almost no current will flow through M4. 𝑉𝑑𝑠 of M4 can then be neglected.  
When 𝑉𝑂𝑈𝑇 is higher than 𝑉𝐼𝑁,  
1. M5 will turn on, and M4 will turn off.  
2. 𝑉𝐴 will be equal to 𝑉𝑂𝑈𝑇. Therefore, the voltage 𝑉𝐴 at point A will be equal to 
the higher voltage of input and output.  
The substrates of M1, M4 and M5 are then connected to point A because it is the 
highest voltage level in the circuit. In this way, the substrate voltage of PMOSs is 
defined. 
The operation of the PMOS M1 is as followed. 







× (𝑉𝑠𝑔 − |𝑉𝑡ℎ|)
2
 (4.29) 












• Cox is the gate capacitance per unit area 
• Vth is the threshold voltage of the PMOS 
• W is the width of the gate of the PMOS 
• L is the length of the gate of the PMOS 
• μ is the hole mobility in 𝑚2 (𝑉 ∙ 𝑠)⁄  
Because 𝑉𝑠𝑔 = 𝑉𝑠𝑑, 




When Ids is small,  
 𝑉𝑠𝑑 ≈ |𝑉𝑡ℎ| (4.32) 
The PMOS M1 is thus acting like a diode. When 𝑉𝐼𝑁 > 𝑉𝑂𝑈𝑇 + 𝑉𝑡ℎ𝑀1, PMOS M1 will 
turn on, and current will flow from the source VIN to the load through M1. When the 
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voltage 𝑉𝐼𝑁 < 𝑉𝑂𝑈𝑇 + 𝑉𝑡ℎ𝑀1, PMOS M1 will turn off, blocking the reversing current from 
the load. 
The voltage waveform of the diode-connected PMOS rectifier is shown in Figure 4.2-5. 
The simulated performance of the diode-connected PMOS rectifier is shown in Figure 
4.2-6 and Figure 4.2-7. In this simulation, the load resistance is 5 kΩ and the load 
capacitance is 100 pF. This resistance is chosen as the light load condition. When the 
rectifier RMS output voltage is in the range of 1 V to 5 V, which is also the range of 
receiver induced voltage of the WPT system, the corresponding rectifier load power 
is between 0.2 mW and 5 mW, which is around the 1 mW power requirement of the 
system. The load capacitance is for power storage and is chosen based on the 
consideration of allowed on-chip capacitance, as the on-chip capacitance should not 
take too much space of the chip. 
 
Figure 4.2-5 Waveform of output voltages of the diode-connected PMOS rectifier for 





Figure 4.2-6 (From simulation) efficiency of diode-connected PMOS rectifier with     
5 kΩ load resistance and 100 pF load capacitance; the simulated waveforms of the 
output current through the diode-connected PMOS can be seen at in AppendixA5. . 
 
Figure 4.2-7 (From simulation) output voltages of diode-connected PMOS rectifier 
with 5 kΩ load resistance and 100 pF load capacitance 
As shown in Figure 4.2-6, the output efficiency of the rectifier increases as the input 
voltage increases, from 14% at 1 Vpeak input to 66% at 5 Vpeak input. At 0.5 Vpeak input, 
the input voltage is lower than the threshold voltage of the PMOS. The PMOS remains 
closed, and no current will be able to flow through the PMOS. The main energy loss 
of the rectifier during operation is the heat loss of the PMOS M1. The heat loss ratio 
decreases as the input voltage increases, from 85% at 1 Vpeak input to 33% at 5 Vpeak 
input. The high heat loss ratio is because of the high forward voltage drop across the 
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The forward voltage drop of the PMOS M1 can be obtained by calculating the 
difference between the peak input voltage 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘) and the max output voltage 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥). 
From Table 4.2-1, it can be seen that the ratio of forward voltage drop over the input 
voltage is 83% at 1 Vpeak input, which means as much as 83% of input voltage is 
wasted in the PMOS M1, leaving 17% of input voltage for the load at the output. The 
forward voltage drop increases as the input voltage increases, but the increment of 
forward voltage drop is less than the increment of input voltage, so the ratio of forward 
voltage drop to 𝑉𝐼𝑁 decreases.  
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)/V 1 2 3 4 5 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)/V 0.17 0.98 1.88 2.79 3.72 
𝑉𝐷𝑟𝑜𝑝/V 0.83 1.02 1.12 1.21 1.28 
𝑉𝐷𝑟𝑜𝑝/𝑉𝐼𝑁(𝑝𝑒𝑎𝑘) 83% 51% 37% 30% 26% 
Table 4.2-1 (From simulation) maximum output voltage 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥), forward voltage 
drops across the PMOS M1 𝑉𝐷𝑟𝑜𝑝 and the ratio of forward voltage drops over peak 
input voltages 𝑉𝐷𝑟𝑜𝑝/𝑉𝐼𝑁 at different input voltages 
The advantage of the conventional diode-connected PMOS rectifier is that there is 
almost no reverse leakage loss and no control and other loss. This means the energy 
delivered to the load will not flow back to the input, and there is negligible capacitive 
leakage, unlike the junction-diode at high frequencies. However, because of the high 
heat loss of the diode-connected PMOS, this rectifier is not suitable for the application 
in the wireless power implants. To reduce the heat loss and increase the rectifier 






4.3 Basic bootstrapping rectifier 
Key aims of this section 
• A basic bootstrapping rectifier (BSR) is introduced with the operation 
explained. 
• The basic rectifier is developed into a practical rectifier. 
• The performance of a practical rectifier is analysed in simulation with two load 
conditions, a 500 Ω load and a 5 kΩ load. 
• Experiment analysis are done on the practical rectifier, and the experimental 
result is compared with the simulation result. 
4.3.1 Basic circuit theory and schematic 
In order to reduce the voltage-drop in a rectifier, a so-called bootstrapping structure 
is designed in [166]. Figure 4.3-1 shows a basic bootstrapping structure, where the 
capacitor will act as a bootstrapping capacitor. Because the capacitor is connected to 
diode D2 and the gate of PMOS M1, theoretically, current is only allowed to flow into 
the capacitor, and no current is allowed to flow out of the capacitor. The electric 
charge is thus “trapped” at the capacitor, which will keep the voltage of the capacitor 
𝑉𝐶𝐴𝑃 = 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) − 𝑉𝑡ℎ𝐷2, and the capacitor is called as a bootstrapping capacitor. 
 
Figure 4.3-1 Basic half-wave bootstrapping Rectifier (basic BSR) [166] 
The resistive-load operation of this bootstrapping structure can be described as 
follows. 
At start, 𝑉𝐶𝐴𝑃 and 𝑉𝑂𝑈𝑇 are 0 V, and 𝑉𝐼𝑁 is more than 𝑉𝑡ℎ𝑀1. The PMOS M1 will turn 
on, and current will flow from 𝑉𝐼𝑁 to 𝑉𝑂𝑈𝑇 via D1 and M1. After start-up, current will 
flow mainly through M1 and not through D1. When 𝑉𝑂𝑈𝑇 ≥ |𝑉𝑡ℎ𝐷2|, D2 will conduct, 
current will flow through D2 and charge the bootstrapping capacitor. 𝑉𝐶𝐴𝑃 will increase. 
When 
 𝑉𝐶𝐴𝑃 > 𝑉𝑂𝑈𝑇 − |𝑉𝑡ℎ𝐷2| (4.33) 





 𝑉𝐼𝑁 − 𝑉𝐶𝐴𝑃 ≥ |𝑉𝑡ℎ𝑀1| (4.34) 
to keep M1 on for current to flow. Therefore, from (4.33) and (4.34), the maximum 
𝑉𝑂𝑈𝑇 will be as follows 
 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) = 𝑉𝐼𝑁(𝑚𝑎𝑥) − (|𝑉𝑡ℎ𝑀1| − |𝑉𝑡ℎ𝐷2|) (4.35) 
When 𝑉𝐼𝑁 begins to drop, 𝑉𝐶𝐴𝑃 will remain at 𝑉𝐼𝑁(𝑚𝑎𝑥) − |𝑉𝑡ℎ𝑀1| because D2 blocks 
reversing currents. Therefore, M1 will begin to turn off and less current will flow 
through M1. Before 𝑉𝐼𝑁 drops to 0 V, M1 should have turned off completely and no 
current will flow through M1.  
The above process can be summarised as follows. 
During a positive input cycle, 𝑉𝐼𝑁 rises: 
1. M1 and D1 turn on. 
2. 𝑉𝑂𝑈𝑇 rises. 
3. D2 turns on. 
4. 𝑉𝐶𝐴𝑃 rises. 
5. 𝑉𝐶𝐴𝑃 reaches 𝑉𝑂𝑈𝑇 − |𝑉𝑡ℎ𝐷2|. 
6. D1 turns off, M1 remains open. 
7. 𝑉𝑂𝑈𝑇 reaches 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥). 
8. 𝑉𝐶𝐴𝑃 reaches 𝑉𝐼𝑁 − |𝑉𝑡ℎ𝑀1|. 
9. 𝑉𝐼𝑁 reaches maximum and then drops. 
10. 𝑉𝐶𝐴𝑃 remains 𝑉𝐼𝑁(𝑚𝑎𝑥) − |𝑉𝑡ℎ𝑀1|. 
11. M1 turns off. 
12. 𝑉𝑂𝑈𝑇 follows 𝑉𝐼𝑁 to drop. 
During a negative cycle, when 𝑉𝐼𝑁 drops below 0 V:  
1. In resistive load condition, 𝑉𝐶𝐴𝑃 will remain at 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) − |𝑉𝑡ℎ𝐷2|. 
2. The gate voltage will be higher than both the source and the drain voltages of 
the PMOS M1. 
3. M1 will turn off, preventing any reverse current. 
In this way, the current will only go from 𝑉𝐼𝑁 to 𝑉𝑂𝑈𝑇. The AC input will be rectified to 
be DC at the output. The waveform of the output voltage can be seen in the practical 
bootstrapping rectifier in Figure 4.3-3. 
In short, the capacitor C1 will be charged at the start of the rectification process. The 
voltage of the capacitor will be used to control the PMOS M1 so that this PMOS will 
turn on at positive cycles and turn off at negative cycles.  
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The advantage of this circuit is that when the value of 𝑉𝑡ℎ𝑀1 and 𝑉𝑡ℎ𝐷2 is very close 
and |𝑉𝑡ℎ𝑀1| > |𝑉𝑡ℎ𝐷2|, the voltage drop between input and output can be very low, 
because the voltage drop is equal to |𝑉𝑡ℎ𝑀1| − |𝑉𝑡ℎ𝐷2|. In this way, the voltage drop 
will be far less than the one of the conventional rectifiers. This will efficiently reduce 
the power loss and voltage loss across the rectifier, thus improving the overall power 
efficiency of the system.  
However, there are a few things to be considered in this circuit.  
1. As a circuit for a power supply, how should the substrate voltage of the 
PMOS be defined? 
2. If diodes are not available in integrated chip fabrication, what 
replacement components can be used? 
These questions will be answered in the next section. 
4.3.2 Practical Basic bootstrapping rectifier and its performance 
4.3.2.1 The practical basic bootstrapping rectifier 
A practical Half-Wave bootstrapping Rectifier is shown in Figure 4.3-2. In this circuit, 
PMOS M2 and M3 are used to replace the diodes D1 and D2. The gates of these two 
PMOSs are connected to their drain.  
 
Figure 4.3-2 Practical Half-Wave bootstrapping rectifier  
The PMOSs M4 and M5 are added into the circuit to define the substrate voltage of 
the PMOS M1 and M2, as discussed in Section 4.2.  
M3 is a special one among the PMOSs because it is the only PMOS that is not 
connected to the input. Its highest voltage level is the output voltage. Therefore, the 
substrate of M3 can be connected to either the output or point A. These two options 
will cause different threshold voltages because of the PMOS body effect, which can 
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 𝑉𝑡ℎ = 𝑉𝑡ℎ0 − 𝛾(√|𝜙𝐵| + 𝑉𝐵𝑆 −√|𝜙𝐵|) (4.36) 
where 
• Vth0 is the threshold voltage when the source and bulk are connected together 
• 𝛾 is a process parameter, 0.6 V1/2 
• 𝜙𝐹 is another process parameter, 0.3 V 
4.3.2.2 Performance of the practical basic bootstrapping rectifier 
The performance of the practical basic bootstrapping rectifier is analysed with an input 
voltage range between 0.5 V and 5 V, which is the expected output voltage range of 
the receiver coil of the wireless power transfer system. Two load conditions of the 
rectifier are analysed. A first one is the light load condition, with 5 kΩ load resistance 
and 100 pF load capacitance. The other one is the heavy load condition, with 500 Ω 
load resistance and 100 pF load capacitance. In the light load condition, the load 
current is comparatively small, and the minimum output voltage will be more than 0 V 
during the operation. In the heavy load condition, the load current is large, and the 
minimum output voltage will be 0 V.  
The performance of the rectifier is analysed based on efficiencies and output voltages. 
The efficiencies have been introduced in Section 4.1, which includes heat loss ratio, 
forward efficiency, reverse loss ratio, control & other loss ratio and output efficiency. 
The output voltages are the maximum output voltage, minimum output voltage, RMS 
output voltage and average output voltage. The performance of the rectifier is 
analysed in the steady-state. The efficiencies, the RMS output voltage and the 
average output voltage are calculated for the whole duration of the steady-state; while 
the maximum output voltage and the minimum output voltage are measured within a 
cycle. 
The waveform of the output voltage can be seen in Figure 4.3-3. The simulated 
performance of the practical basic rectifier in the light load condition (with a 5 kΩ load 




Figure 4.3-3 Waveform of output voltages of basic BSR for peak input voltages from 
1 V to 5 V at the light load condition 
 
Figure 4.3-4 (From simulation) efficiencies of practical basic bootstrapping rectifier 
with 5 kΩ load resistance and 100 pF load capacitance. The simulated waveforms of 
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Figure 4.3-5 (From simulation) voltages of practical basic bootstrapping rectifier with 
5 kΩ load resistance and 100 pF load capacitance 
The output efficiency increases as the input voltage increases, from 46.7% with 
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)=1 V to 81.1% with 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)=5 V.  
When 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)=0.5 V, the output efficiency is close to 0. This is because the 𝑉𝑠𝑔 of 
M1 and M2 are less than 𝑉𝑡ℎ𝑀1 and 𝑉𝑡ℎ𝑀2 respectively at this input voltage, and thus, 
M1 and M2 are not opened. The input energy is blocked by M1 and M2.  
When 𝑉𝐼𝑁 is between 1 Vpeak and 2.5 Vpeak, the efficiency of the rectifier is below 65%. 
This is mainly because of the comparatively high heat loss ratio for these input 
voltages. More than 50% of input energy is consumed as heat when 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)=1 V 
and the heat loss ratio is about 35% when 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)=2.5 V. This is because of the 
high 𝑉𝑔𝑀1 at these input voltages, which results in a low 𝑉𝑠𝑔𝑀1, and thus, the PMOS 
M1 is not fully open. When 𝑉𝐼𝑁 is between 3 Vpeak and 5 Vpeak, the output efficiency is 
over 70% due to the low heat loss ratio. As the input voltage increases, the 𝑉𝑠𝑔 of M1 
increases, and more current is able to go through M1 with the same 𝑉𝑠𝑑𝑀1. Therefore, 
the heat loss ratio in M1 decreases, which results in the increase of forward efficiency 
and the output efficiency. 
In terms of the output voltage values, the maximum output voltage 𝑉𝑂𝑈𝑇(max) for each 
𝑉𝐼𝑁 is higher than the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) with the same 𝑉𝐼𝑁 in the junction-diode rectifier. The 
voltage difference between 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)  and 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  is about 0.6 V when 𝑉𝐼𝑁  is 
between 1 Vpeak and 2.5 Vpeak. The difference decreases when 𝑉𝐼𝑁 is between 3 Vpeak 
and 5 Vpeak, from 0.5 V at 3 Vpeak to 0.2 V at 5 Vpeak. For the minimum output voltage, 
because the reverse loss ratio is almost 0 for all the input voltages, it can be deduced 
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For the heavy load condition (with a 500 Ω load resistor), the output voltage waveform 
is shown in Figure 4.3-6, and the simulated performance of the rectifier can be seen 
in Figure 4.3-7 and Figure 4.3-8.  
 
Figure 4.3-6 Waveform of output voltages of basic BSR for peak input voltages from 
1 V to 5 V at the heavy load condition 
 
Figure 4.3-7 (From simulation) efficiencies of practical basic bootstrapping rectifier 
with 500 Ω load resistance and 100 pF load capacitance. The simulated waveforms 
















heat loss ratio forward efficiency




Figure 4.3-8 (From simulation) voltages of practical basic bootstrapping rectifier with 
500 Ω load resistance and 100 pF load capacitance 
In terms of the efficiencies, the practical basic rectifier has vastly different 
performance for the input voltage below 2.5 Vpeak and for the input voltage above       
2.5 Vpeak. When the input voltage is between 0.5 Vpeak and 2 Vpeak, the output efficiency 
is lower than 45%. For input voltages of 1 Vpeak and 1.5 Vpeak, the low output efficiency 
is due to the high control and other loss ratio, which is caused by the low 𝑉𝑠𝑔 of M1 
when 𝑉𝐼𝑁 is positive. For input voltage of 2 Vpeak, both the control and other loss ratio 
and the heat loss ratio are more than 27%. The high heat loss ratio is because of the 
low 𝑉𝑠𝑔 of M1, and the high control and other loss ratio is due to the conduction of M2. 
For input voltages more than 2.5 Vpeak, the output efficiency is more than 75%. This is 
because as the input voltage increases, the 𝑉𝑠𝑔 of M1 increases due to the higher 
voltage drop across the drain and source of the diode-connected PMOS M3. 
Therefore, the PMOS M1 is turned more on and thus can conduct more currents with 
the same 𝑉𝑠𝑑𝑀1. In the input voltage range between 2.5 Vpeak and 5 Vpeak, the control 
and other loss ratio is between 4% and 7%. This energy loss is mainly due to the 
charging of capacitor C1 (3% to 6%) and the bulk voltage setting circuit (1%).   
In terms of the output voltages, the values have the same pattern as the efficiencies. 
For input voltages of 2 Vpeak and lower, the values of 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) are much lower than 
the corresponding 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘). For 𝑉𝐼𝑁 of 2 Vpeak, the value of 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) is 56% of the 
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘). For 𝑉𝐼𝑁 = 1 Vpeak and 1.5 Vpeak, the percentage is even lower, which is 13% 
and 28%. Because the value of 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛) is 0 V due to the high current to the load 
resistor, the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) and the 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) for 𝑉𝐼𝑁 below 2 Vpeak are very small (0.42 
Vrms output for 2 Vpeak input). For 𝑉𝐼𝑁 over 2.5 Vpeak, the values of 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) is much 
closer to the corresponding 𝑉𝐼𝑁. For 𝑉𝐼𝑁 of 2.5 Vpeak, 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) is 2.2 V, which is 88% 
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However, due to the low values of 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛), the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) and the 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) are 
all much lower than the corresponding values at the light load condition (with a 5 kΩ 
load resistor) with the same input voltage. The larger difference between the values 
of 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) and the 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) at the same input voltage is because of the larger 
voltage ripple due to the lower load resistance. 
Compared with the simulated performance of the diode-connected PMOS rectifier, 
the practical basic bootstrapping rectifier has better performances in all aspects, 
which is shown in Figure 4.3-9. 
 
Figure 4.3-9 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency between practical basic bootstrapping rectifier and diode-
connected PMOS rectifier 
In terms of the output efficiency, the practical bootstrapping rectifier is 13% to 42% 
more efficient than the efficiency of the diode-connected PMOS rectifier across the 
input voltage range. The difference in the efficiency is larger at 1 Vpeak and 1.5 Vpeak 
inputs, in which the diode-connected PMOS has high heat loss ratios; the difference 
becomes smaller for higher inputs and stays at around 15%.  
In terms of output voltages, both the maximum output voltage and RMS output voltage 
are higher for the practical basic bootstrapping rectifier across the input voltage range. 
At 1 Vpeak, the output voltages of the practical basic bootstrapping rectifier are three 
times more than the output voltages of the diode-connected PMOS rectifier. The 
difference of the output voltages decreases as input voltage increases, but the output 
voltages of the practical basic bootstrapping rectifier are 27% to 40% higher than the 
output voltages of the diode-connected PMOS rectifier at the input voltage range of 
1.5 Vpeak to 5 Vpeak. Overall, the practical basic bootstrapping rectifier is a big 
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The actual performance of the practical basic bootstrapping rectifier will be analysed 
through experiments on actual integrated chips and compared with the simulation 
performance, which is shown in the next part. 
4.3.2.3 Experiment with the practical basic bootstrapping rectifier 
The practical basic bootstrapping rectifier as a full-wave rectifier was fabricated using 
a TSMC 0.18 CMOS 6-Metal/2-Poly high voltage mixed-signal based 2nd generation 
BCD process. This chip is mounted in a PLCC 84 package. The PMOSs used are all 
Pa12_g5a_nbl_mr_mac. This is a high voltage PMOS with a maximum allowed 𝑉𝑑𝑠 = 
12 V, which is sufficient for the wireless power implants. The maximum allowed 𝑉𝑔𝑠 is 
5 V. It is a multi-finger PMOS with a minimum finger of two. The substrate connection 
of this PMOS is floating and thus can satisfy the requirement of the circuit for substrate 
voltage definition. The V-I characteristic of the switch PMOS can be seen in 
AppendixA5. . The same basic size of 10 um width and 400 nm length is used for all 
PMOSs for easier implementation. The PMOSs M1 and M3 have a multiplier of 8 and 
the number of fingers of 8 because a much larger current is expected to flow through 
these PMOSs. All the PMOSs are surrounded by guard rings to isolate them from 
adjacent cells. The chip was laid out to have a symmetrical structure to minimise the 
potentially imbalanced parasitic capacitances between the source rails (𝑉𝐼𝑁+  and 
𝑉𝐼𝑁−).  
The measurement setup is shown in Figure 4.3-10. 
 
Figure 4.3-10 Measurement setup of the basic BSR 
Device Series Functions 
Signal generator FeelTech FY3200S 
Generate input sinusoidal 




13.56 MHz 1:1 surface mount 
wire wound transformer with 
insertion loss of 1 dB 
Table 4.3-1 Device used in the measurement 
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In the measurement setup, a wideband balun transformer is connected at the output 
of the signal generator to provide a floating input for the full-wave rectifier. Two 100 Ω 
resistors are connected between the two output ports of the transformer and the two 
input ports of the rectifier, respectively, for input current measurement. The probes to 
measure VIN-res and VIN+ are set to the differential mode for balanced measurement. 




The input power to the rectifier is ∫ 𝑣𝑖𝑛(𝑡)𝑖𝑖𝑛(𝑡)𝑑𝑡
𝑇
0
 at the steady working state. The 
output power was calculated as the integral of the squared measured output voltage 
divided by the load resistance over the same period as the input measurement. The 
voltage conversion ratio VCR was calculated as the ratio of the RMS output voltage 
to the peak amplitude of input voltage. The amplitude of input voltage at the rectifier 
ranges from 1.5 V to 5 V. The input frequency is 8 MHz. The load of the rectifier is a 5 
kΩ resistor and a 34 pF load capacitor with the output pad parasitic capacitance, 
package and PCB parasitic capacitance and test probe capacitance in addition.  
The measured output efficiency and the measured voltage conversion ratio (VCR) of 
the full-wave basic BSR are shown in Figure 4.3-11 and Figure 4.3-12, together with 
the simulated output efficiency and simulated VCR. The measurement data can be 
seen in AppendixA6. . As shown, the output efficiency of the measurement result is 
similar, but not identical, to the simulated output efficiency. The output efficiency 
increases as the input voltage increases and reaches about 80% when 𝑉𝐼𝑁 reaches 5 
Vpeak. For 𝑉𝐼𝑁  over 2.5 Vpeak, the measurement output efficiency is close to the 
simulated ones, with a maximum difference of 4%. The difference grows bigger as 
the input voltage decreases. At 2 Vpeak, the output efficiency difference is about 8% 
and at 1.5 Vpeak, the difference reaches about 14%. A similar difference is shown 
between the simulated VCR and the measured VCR. The measured VCR of the basic 
BSR increases as the input voltage increases, from 27% at 1.5Vpeak input to 63% at 5 
Vpeak input. The simulated VCR is about 14% higher than the measured VCR at 1.5 




Figure 4.3-11 Comparison of output efficiency between the basic BSR simulation 
result and the basic BSR experimental result with 5 kΩ Rload and 34 pF Cload 
 
Figure 4.3-12 Comparison of VOUT(RMS) and VCR (VOUT(RMS)/VIN-peak) between 
basic BSR simulation result and basic BSR experimental result with 5 kΩ Rload and 
34 pF Cload 
The difference can be firstly because of the parasitic capacitance at the bootstrapping 
capacitor and at the output of the rectifier, whose effect on the circuit cannot be fully 
known in the simulator. A second reason can be the variation of the threshold voltages 
of the main switches PMOS M1 and the diode-connected PMOS M3 on the chip, 
which results in a higher threshold M1 and lower threshold M3, causing a high 𝑉𝑔𝑀1.  
A third reason can be that the bootstrapping capacitor becomes over-charged for low 
input voltages. Because there is no discharging path for the bootstrapping capacitor, 
the voltage at the bootstrapping capacitor has no way to decrease except for parasitic 
leakage. Once the capacitor has a high voltage, it will keep the voltage for a certain 
period before the parasitic leakage of the capacitor drains it out. During the period, 
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M1 remains at a high voltage level even if a low voltage is input into the circuit. 
Therefore, the PMOS M1 will not be able to fully turn on at low input voltages, causing 
a lower measured output efficiency. In the simulation, the voltage at the bootstrapping 
capacitor resets to 0 V for each measurement, so this problem will not occur. Further 
simulations showed that, if an initial voltage of more than 2 V is pre-set at the 
bootstrapping capacitor or the output capacitor, the RMS output voltage will decrease 
by 0.1 V to 0.2 V depending on the value of input voltage. The simulated output 
efficiency of the basic BSR with pre-set bootstrapping capacitor voltage is shown in 
Figure 4.3-13. A comparison of measured 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠), measured VCR and simulated 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠), simulated VCR is shown in Figure 4.3-14.  
 
Figure 4.3-13 Comparison of output efficiency between basic BSR simulation result 
with 2 V pre-set bootstrapping capacitor voltage and basic BSR experimental result 
with 5 kΩ Rload and 34 pF Cload 
 
Figure 4.3-14 Comparison of VOUT(rms) and VCR (VOUT(rms)/VIN-peak) between 
basic BSR simulation result with a pre-set bootstrapping capacitor voltage of 2 V, 
basic BSR experimental result and diode-connected PMOS Rectifier simulation 
result with 5 kΩ Rload and 34 pF Cload 
With the pre-set capacitor voltage, both the simulated output efficiency and the 
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of the output efficiency is less than 5% between simulation and measurement results. 
The most outstanding differences are when VIN=2 Vpeak and 5 Vpeak, which have both 
4.3% difference of efficiency. The simulated RMS output voltages with a pre-set 
bootstrapping capacitor voltage agree to the measurement results with less than 5% 
of VCR difference. The VCR simulation results are closer to the experiment results 
when VIN is between 2.5 Vpeak and 4 Vpeak, with an average difference of 1.3%. For VIN 
more than 4 Vpeak, the effect of pre-set voltage is stronger in simulation than in 
experiment, causing the simulation results to be less than the experiment results. This 
means the pre-set voltage at the bootstrapping capacitor should be lower for VIN more 
than 4 Vpeak. For VIN less than 2.5 Vpeak, the pre-set voltage can be even higher in the 
simulation to match the experiment results. For a 2 V pre-set voltage, the VCR 
difference at this input range is within 5%. Overall, it can be concluded that the over-
charged bootstrapping capacitor can cause the difference in efficiency and VCR 
between the simulated results and the measured results.  
4.3.2.4 Summary of the practical basic bootstrapping rectifier 
As a summary, a practical basic bootstrapping rectifier is introduced to be used in the 
application of wireless power system for micro-implants. From the analysis and 
experimental results, it was found that the rectifier has a better performance than the 
diode-connected PMOS rectifier but has a low output efficiency and VCR at low input 
voltages because of the over-charged bootstrapping capacitor. To solve this problem, 




4.4 Augmented Bootstrapping Rectifiers 
Key aims of this section 
• Two developed rectifiers based on the basic bootstrapping rectifier are 
introduced to improve the performance in efficiency and VCR. 
• The first developed rectifier to be introduced is the static gate-control 
bootstrapping rectifier. Its operation and performance will be discussed. 
• The second one is the dynamic gate-control bootstrapping rectifier, which use 
an opto-coupler to control the on-off switching of the main rectification-switch 
MOSFET M1. Its operation and performance will be discussed and compared 
with the previous rectifiers. 
4.4.1 Static gate-control bootstrapping rectifier 
4.4.1.1 Structure of the static gate-control bootstrapping rectifier 
 
Figure 4.4-1 Circuit diagram of static gate-control bootstrapping rectifier 
As shown in Figure 4.4-1, the static gate-control bootstrapping rectifier (static BSR) is 
combined with two extra circuits. The first one is the heavy load circuit for the heavy 
load condition (with a small load resistance), which includes the switch S1 and the 
PMOS M4 M5 and M11. The other one is the light load circuit for the light load 
condition (with a large load resistance), which includes the switch S2, the capacitor 
C1 and C2 and the PMOS M12, M13, M3, M31, M32, M42 and M52.  
At the heavy load condition, the switch S1 turns on, and the switch S2 turns off. The 
input voltage will be rectified by the PMOS M11. At the light load condition, the switch 
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S1 turns off, and the switch S2 turns on. The input voltage will be rectified by the 
PMOS M12 and M13.  
For the heavy load circuit, the PMOS M11 is the rectification component (switch 
PMOS). The gate of the PMOS M11 is always connected to ground. In this way, the 
PMOS M11 will conduct as long as the input voltage is higher than 𝑉𝑡ℎ𝑀1 in the heavy 
load condition. Because the output voltage drops to 0 V quickly after 𝑉𝐼𝑁  goes 
negative, the reversing leakage loss will be very limited. The PMOS M4 and M5 form 
the bulk voltage setting circuit of M11, which sets the bulk of M11 𝑉𝑏𝑀1 to be the higher 
voltage between 𝑉𝐼𝑁 and 𝑉𝑂𝑈𝑇. 
For the light load circuit, the PMOS M12 and M13 are the rectification components 
(switch PMOS). Among other components, M3, M31 and C1 make up a circuit to set 
the gate voltage 𝑉𝑔 of M12; and M32 and C2 make up another circuit to set the gate 
voltage 𝑉𝑔 of M13. M42 and M52 are the bulk voltage setting circuit to set the bulk 
voltage of M12 M13 M3 and M31. 
The rectification circuit formed by M12 M3 M31 and C1 is mainly for low voltage 
operation, which is between 0.5 Vpeak and 2.5 Vpeak. In this circuit, M3 and M31 are two 
diode-connected PMOSs. Their main purpose is to set the voltage of 𝑉𝐶𝐴𝑃1 at the 
capacitor C1. Because the source of M3 is connected to the input, the voltage of 𝑉𝐶𝐴𝑃1 
will be determined by the following equation. 
 𝑉𝐶𝐴𝑃1 = 𝑉𝐼𝑁(𝑝𝑒𝑎𝑘) − 𝑉𝑡ℎ𝑀3 − 𝑉𝑡ℎ𝑀31 (4.37) 
Because the gate of M12 is connected to 𝑉𝐶𝐴𝑃1, the voltage between the source and 
the gate of M12 will thus be as the following equation. 
 𝑉𝑔𝑀12 = 𝑉𝐼𝑁 − 𝑉𝐶𝐴𝑃1 = 𝑉𝑡ℎ𝑀3 + 𝑉𝑡ℎ𝑀31 (4.38) 
Because the voltage of 𝑉𝐶𝐴𝑃1 is entirely determined by the voltage 𝑉𝐼𝑁, the voltage of 
𝑉𝐶𝐴𝑃1  will not be affected by the voltage 𝑉𝑂𝑈𝑇  and will experience less ripple. By 
adjusting the threshold voltage of M3 and M31, the voltage 𝑉𝑠𝑔𝑀1  can be set to 
achieve a high efficiency at low input voltages.  
The rectification circuit formed by M13 M32 and C2 is mainly for high voltage 
operation, which is between 2.5 Vpeak and 5 Vpeak. M32 is a diode-connected PMOS. 
The structure of this circuit is the same as the practical basic bootstrapping rectifier. 
The source of M32 is connected to the output and the voltage 𝑉𝐶𝐴𝑃2 at the capacitor 
is determined by the voltage 𝑉𝑂𝑈𝑇 . The gate of M13 is connected to 𝑉𝐶𝐴𝑃2. 
 𝑉𝑔𝑀13 = 𝑉𝐶𝐴𝑃2 = 𝑉𝑂𝑈𝑇 − 𝑉𝑡ℎ𝑀32 (4.39) 
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From the analysis in Section 4.3.2.2, the practical basic bootstrapping rectifier has an 
efficiency of over 62% at an input voltage between 2.5 Vpeak and 5 Vpeak. When the 
voltage is below 2.5 Vpeak, the efficiency is below 60%. Moreover, the efficiency 
decreases with the decrease in the input voltage. In the static gate-control 
bootstrapping rectifier, the PMOS M13 will be working as the practical basic 
bootstrapping rectifier and have a high rectification efficiency at input voltages 
between 2.5 Vpeak and 5 Vpeak. At input voltages below 2.5 Vpeak, M12 will operate with 
a comparatively high rectification efficiency. In this way, the rectifier will be able to 
work in high efficiencies at the full input voltage range.  
4.4.1.2 Performance of the static gate-control bootstrapping rectifier 
The simulated performance of the static gate-control bootstrapping rectifier in the light 
load condition (with a 5 kΩ load resistor) is presented in Figure 4.4-3 and Figure 4.4-4. 
As introduced in Section 4.4.1.1, the switch S1 will turn off, and S2 will turn on in the 
light load condition. The PMOS M12 and M13 will be the main rectification 
components. The efficiency of the static gate-control bootstrapping rectifier will be 
mainly determined by the gate voltage of M12 and M13. 
 
Figure 4.4-2 Waveform of output voltages of static BSR for peak input voltages from 





Figure 4.4-3 (From simulation) efficiencies of static gate-control bootstrapping 
rectifier with 5 kΩ load resistance and 100 pF load capacitance. The simulated 
waveforms of the output current through the switch PMOS can be seen in 
AppendixA5. . 
 
Figure 4.4-4 (From simulation) output voltages and VCR of static gate-control 
bootstrapping rectifier with 5 kΩ load resistance and 100 pF load capacitance 
As shown in Figure 4.4-5, compared with the simulated performance of the practical 
basic bootstrapping rectifier, the static gate-control bootstrapping rectifier has a 
slightly lower efficiency for input voltages of 4.5 Vpeak and 5 Vpeak but has a much-
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Figure 4.4-5 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency between static BSR and practical basic BSR at the light load 
condition 
At 4.5 Vpeak and 5 Vpeak input, the practical basic bootstrapping rectifier has an output 
efficiency of 80% and 82%, respectively. In comparison, for the static gate-control 
bootstrapping rectifier, the corresponding output efficiencies are 76% and 73%, which 
is 4% and 9% lower. This is because of the higher reverse leakage loss ratio at the 
static gate-control bootstrapping rectifier, 6% at 4.5 Vpeak and 11% at 5 Vpeak. Because 
the voltage at 𝑉𝐶𝐴𝑃1 is adjusted to achieve high efficiencies at lower input voltage, the 
voltage at 𝑉𝐶𝐴𝑃1 is slightly lower than the optimum gate voltage for the PMOS M12. 
Therefore, the PMOS M12 will remain open for a short period when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁, which 
results in the discharging of the load capacitor through M12 to the input.  
Even with the lower output efficiencies of the static gate-control bootstrapping rectifier, 
the output voltages of the static gate-control bootstrapping rectifier are similar to the 
output voltages of the practical basic bootstrapping rectifier, as shown in Table 4.4-1. 
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)/V 4.5 5 
Practical basic BSR 𝑉𝑂𝑈𝑇 3.34 Vrms 3.29 Vavg 3.75 Vrms 3.70 Vavg 
Static BSR 𝑉𝑂𝑈𝑇 3.37 Vrms 3.32 Vavg 3.70 Vrms 3.64 Vavg 
Table 4.4-1 (From simulation) output voltages for practical basic bootstrapping 
rectifier and static gate-control bootstrapping rectifier at input voltages of 4.5 Vpeak 
and 5 Vpeak at the light load condition 
At 4.5 Vpeak input, the static gate-control bootstrapping rectifier has a higher 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) 
and a higher 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔)  even though the output efficiency is 4% lower than the 
practical basic bootstrapping rectifier. Both the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) and the 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛)  are 
higher for the static gate-control bootstrapping rectifier. The reason for these is 
because both the PMOSs M12 and M13 are open at this input voltage, and the total 
PMOS width is twice the PMOS width in the practical basic bootstrapping rectifier, 
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charge the load capacitor, resulting in a higher 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥). Moreover, the reverse 
leakage current is very limited, which causes the 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛) to be comparatively high. 
The higher 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  and 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛)  contribute to the higher 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠)  and 
𝑉𝑂𝑈𝑇(𝑎𝑣𝑔).  
At 5 Vpeak, the static gate-control bootstrapping rectifier has a higher 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) (4.94 
V, compared with 4.80 V), but a lower 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛) (2.77 V, compared with 2.80 V). Even 
though the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) of the static gate-control bootstrapping rectifier is 0.14 V higher 
than the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  of the practical basic bootstrapping rectifier, because of the 
reverse leakage, the 𝑉𝑂𝑈𝑇(𝑚𝑖𝑛) is lower, and so are the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) and 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔). 
The 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) is 1.3% less and the 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) is 1.6% less for the static gate-control 
bootstrapping rectifier. 
For the input voltages of 3 Vpeak 3.5 Vpeak and 4 Vpeak, the output efficiencies of the 
static gate-control bootstrapping rectifier are all higher than the output efficiencies of 
the practical basic bootstrapping rectifier. The corresponding output voltages of the 
static gate-control bootstrapping rectifier are also higher.  
At 2.5 Vpeak input, both the output efficiencies and the output voltages are lower for the 
static gate-control bootstrapping rectifier than the practical basic bootstrapping 
rectifier. This is because of the higher heat loss ratio (35.0%, compared with 34.4%) 
and control and other loss ratio (2.2%, compared with 1.6%) at the static gate-control 
bootstrapping rectifier, which results in a lower forward efficiency 62.7% (compared 
with 63.9%). The 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) is 1.8% less and the 𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) is 5.4% less for the static 
gate-control bootstrapping rectifier. 
For input voltages of 2 Vpeak and lower, the static gate-control bootstrapping rectifier 
has much higher output efficiencies and output voltages than the practical basic 
bootstrapping rectifier, as shown in Table 4.4-2. 
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)/V 1 1.5 2 
Practical basic 
BSR 𝜂𝑂𝑈𝑇 
46.8% 49.6% 57.0% 
Static BSR 𝜂𝑂𝑈𝑇 59.6% 53.0% 69.8% 
Practical basic 
BSR 𝑉𝑂𝑈𝑇 
0.44 Vrms 0.44 Vavg 0.71 Vrms 0.70 Vavg 1.09 Vrms 1.08 Vavg 
Static BSR 𝑉𝑂𝑈𝑇 0.64 Vrms 0.63 Vavg 0.99 Vrms 0.97 Vavg 1.35 Vrms 1.34 Vavg 
Table 4.4-2 (From simulation) output efficiencies and output voltages of the practical 
basic bootstrapping rectifier and static gate-control bootstrapping rectifier at input 
voltages of 1Vpeak, 1.5Vpeak and 2Vpeak at the light load condition 
The higher output efficiencies in the static gate-control bootstrapping rectifier at these 
input voltages are because of the lower heat loss ratio. For the practical basic 
bootstrapping rectifier, the heat loss ratio at these voltages are more than 40%; while 
 
179 
for the static gate-control bootstrapping rectifier, the highest heat loss ratio is 30% at 
1 Vpeak. The lower heat loss ratio is because of the PMOS M12, of which the gate 
voltage is adjusted so that the 𝑉𝑠𝑔𝑀12 can be high for more current flow.  
The main drawback from achieving even higher efficiencies is the higher reverse 
leakage loss ratio at these voltages for the static gate-control bootstrapping rectifier. 
At 1 Vpeak and 1.5 Vpeak input, the reverse loss ratio is 10% and 23%. The reason for 
these is because the gate voltage of M12 is too low when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁, causing M12 to 
remain open for a certain time during 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁, resulting in the extra discharging of 
the load capacitor.  
Even with the higher reverse leakage loss, the output voltages of the static gate-
control bootstrapping rectifier are higher than the practical basic bootstrapping 
rectifier at these input voltages. The improvement of 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) are 45.5%, 39.4% 
and 23.9% for 1 Vpeak, 1.5 Vpeak and 2 Vpeak, respectively. The improvement of 
𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) are similar to the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠). This proves the effectiveness of the addition 
of the PMOS M12 and its gate-voltage control circuit for rectification improvement. 
The performance of the static gate-control bootstrapping rectifier at the heavy load 
are presented in Figure 4.4-6 and Figure 4.4-7. 
 
Figure 4.4-6 (From simulation) efficiencies of static BSR with 500 Ω load resistance 
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Figure 4.4-7 (From simulation) output voltages and VCR of static BSR with 500 Ω 
load resistance and 100 pF load capacitance 
As introduced in Section 4.4.2.1, the switch S1 will turn on, and S2 will turn off at the 
heavy load condition. The PMOS M1 will be the main rectification component. 
Because the gate of M1 is connected to ground, a current will flow through M1 as long 
as the input voltage is higher than the threshold voltage 𝑉𝑡ℎ𝑀1.  
As shown in Figure 4.4-8, the static gate-control bootstrapping rectifier has much 
higher output efficiencies than the practical basic bootstrapping rectifier for input 
voltages below 2.5 Vpeak but slightly lower output efficiencies for 3 Vpeak and higher. 
The output voltages of the static gate-control bootstrapping rectifier are higher than 
the output voltages of the practical basic bootstrapping rectifier across the input 
voltage range, especially for input voltages below 2.5 V. At input voltages between     
3 Vpeak and 5 Vpeak, the output efficiencies of the static gate-control bootstrapping 
rectifier is lower than the output efficiencies of the practical basic bootstrapping 












































Figure 4.4-8 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency between static BSR and practical basic BSR at the heavy load 
condition 
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)/V 3 3.5 4 4.5 5 
Practical basic BSR 
𝜂𝑂𝑈𝑇  
84.1% 86.8% 88.2% 88.9% 89.4% 
Static BSR 𝜂𝑂𝑈𝑇 83.2% 84.3% 85.2% 85.8% 86.3% 























Table 4.4-3 (From simulation) output efficiencies and output voltages of practical 
basic BSR and static BSR at input voltages of 3 Vpeak, 3.5 Vpeak, 4 Vpeak, 4.5 Vpeak and 
5 Vpeak at the heavy load condition 
The lower output efficiencies of the static gate-control bootstrapping rectifier are due 
to the higher heat loss ratio. This is because of the heat loss at the PMOS M1. 
Because the gate of M1 is connected to ground, there is no control loss during 
operation. Another aspect of loss is from the reverse leakage loss, which is because 
of the low 𝑉𝑔𝑀1 when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁. Because this period is very short, the reverse leakage 
loss is comparatively small, less than 4%. By comparing the forward efficiency 
between the two rectifiers, the forward efficiency of the static gate-control 
bootstrapping rectifier is actually higher, which means a stronger power capability at 
the heavy load condition. 
Even though the output efficiencies of the static gate-control bootstrapping rectifier 
are lower, its output voltages are actually higher than the practical basic bootstrapping 
rectifier when the input voltages are between 3 Vpeak and 5 Vpeak. The improvement of 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) is from 2.5% at 5 Vpeak input to 11.9% at 3 Vpeak input. The improvement of 
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𝑉𝑂𝑈𝑇(𝑎𝑣𝑔) shows that the ripple of output voltage is less for the static gate-control 
bootstrapping rectifier.  
At input voltages between 1 Vpeak and 2.5 Vpeak, the static gate-control bootstrapping 
rectifier has much higher output efficiencies than the practical basic bootstrapping 
rectifier, as shown in Table 4.4-4.  
𝑉𝐼𝑁(𝑝𝑒𝑎𝑘)/V 1 1.5 2 2.5 
Practical basic BSR 𝜂𝑂𝑈𝑇  11.0% 24.4% 44.5% 76.8% 
static BSR 𝜂𝑂𝑈𝑇 36.8% 70.3% 78.1% 81.4% 


















Table 4.4-4 (From simulation) output efficiencies and output voltages of practical 
basic bootstrapping rectifier and static gate-control bootstrapping rectifier at input 
voltages of 1 Vpeak, 1.5 Vpeak, 2 Vpeak, and 2.5 Vpeak at the heavy load condition 
Because of the high control and other loss ratios of the practical basic bootstrapping 
rectifier, the forward efficiencies and output efficiencies are comparatively low when 
the input voltage is between 1 Vpeak and 2.5 Vpeak. The high loss ratios are because of 
the high M1 gate voltage 𝑉𝑔𝑀1 at these input voltages, which makes the PMOS M1 
unable to turn on fully. A portion of the input currents has to flow through the diode-
connected PMOS M2, which will cause a higher heat loss because of the larger 
voltage difference between the source and drain of the PMOS M2. The heat loss of 
M2 is reflected in the control and other loss ratio. At 1 Vpeak and 1.5 Vpeak, there is no 
heat loss at the practical basic bootstrapping rectifier, but the control and other loss 
ratio is over 75%. This is because the PMOS M1 is not turned on at these input 
voltages. The input currents flow entirely through the PMOS M2. The heat loss in M2 
is thus reflected as the control and other loss.  
For the static gate-control bootstrapping rectifier, because 𝑉𝑔𝑀1 is 0 V, the PMOS M1 
is turned on when the input voltage is between 1 Vpeak and 2.5 Vpeak. Because the heat 
loss in M1 in the static gate-control bootstrapping rectifier is much lower than the heat 
loss in M2 in the practical basic bootstrapping rectifier, the resulting forward 
efficiencies are much higher. Because the reverse leakage loss is very limited (less 
than 1.6%), the actual output efficiencies are also much higher. 
The main issue in the static gate-control bootstrapping rectifier at the heavy load 
condition is the decrease of output efficiency when the input voltage decreases. This 
is caused by the increase of heat loss in the PMOS M1 when the input voltage 
decreases. The reason for this is that the source-gate voltage difference 𝑉𝑠𝑔𝑀1 
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decreases when the input voltage decreases as the gate voltage 𝑉𝑔𝑀1 is constantly 0 
V. The solution to this issue will be discussed later in Section 4.4.1.3. 
In terms of the output voltages, the performance of the static gate-control 
bootstrapping rectifier is a big improvement over the performance of the practical 
basic bootstrapping rectifier. The 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) of the static gate-control bootstrapping 
rectifier is around 4 times the value of the practical basic bootstrapping rectifier at 1 
Vpeak and 1.5 Vpeak input because of the much higher output efficiencies. The RMS 
value at 2 Vpeak is more than twice of the RMS values of the practical basic 
bootstrapping rectifier. Even for 2.5 Vpeak, there is a 26% improvement.  
At 0.5 Vpeak input, because the input voltage is under the threshold voltage of M1, M1 
is off, and no current will flow in the rectifier. 
4.4.1.3 Conclusion 
In this section, the novel static gate-control bootstrapping rectifier is developed based 
on the practical basic bootstrapping rectifier. A circuit, including the PMOS M12 and 
its gate-control circuit, is added to improve the efficiency at the low input voltage 
condition with a light load; and a gate-grounded PMOS M1 is added specifically for 
heavy load conditions. At the light load condition, the static gate-control bootstrapping 
rectifier has a better output voltage and output efficiency performance in the target 
input voltage range than the practical basic bootstrapping rectifier except for 5 Vpeak 
input, even though the output efficiencies are slightly lower at 4.5 Vpeak and 5 Vpeak. At 
the heavy load condition, the static gate-control bootstrapping rectifier has lower 
output efficiencies than the practical basic bootstrapping rectifier when the input 
voltage is between 3 Vpeak and 5 Vpeak because of the higher reverse leakage loss ratio. 
However, the output voltages of the static gate-control bootstrapping rectifier are 
higher at these input voltages. For the input voltage between 1 Vpeak and 2.5 Vpeak, the 
static gate-control bootstrapping rectifier has a much better performance than the 
practical basic bootstrapping rectifier. Overall, the static gate-control bootstrapping 
rectifier is a big improvement over the practical basic bootstrapping rectifier. 
However, the static gate-control bootstrapping rectifier is far from being perfect. There 
are two problems with it. The first problem of the static gate-control bootstrapping 
rectifier is the decrease of output efficiency when the input voltage decreases below 
2 Vpeak at the heavy load condition, as seen in Figure 4.4-6. This can be improved by 
connecting the gate of M1 to −𝑉𝐼𝑁 in a full-wave rectifier. The source-gate voltage 
difference 𝑉𝑠𝑔𝑀1 will thus become 2𝑉𝐼𝑁. The PMOS M1 will thus turn on fully even with 
low input voltages. The forward efficiency and the output efficiency will be increased. 
The waveform of the output voltage is shown in Figure 4.4-9. The performance of the 
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improved rectifier is shown in Figure 4.4-10 and Figure 4.4-11. As seen, between 1.5 
Vpeak and 5 Vpeak input, the output efficiency is over 85%; and at 1 Vpeak 𝑉𝐼𝑁, the output 
efficiency of the improved rectifier has improved to over 80%. Moreover, the improved 
rectifier will continue to operate when the input voltage drops to 0.5 Vpeak, with an 
output efficiency of over 60%. A comparison of the output voltage and output 
efficiency performance among the discussed rectifiers are presented in Figure 4.4-12. 
 
Figure 4.4-9 Waveform of output voltages of improved static BSR for peak input 
voltages from 1 V to 5 V at the heavy load condition 
 
Figure 4.4-10 (From simulation) efficiencies of the improved static gate-control 
bootstrapping rectifier with 500 Ω load resistance and 100 pF load capacitanc. The 
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Figure 4.4-11 (From simulation) voltages and VCR of improved static gate-control 
bootstrapping rectifier with 500 Ω load resistance and 100 pF load capacitance 
 
Figure 4.4-12 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency among static BSR, practical basic BSR and the improved static 
BSR at the heavy load condition 
The other problem comes from the light load condition, where the heat loss ratio and 
the reverse leakage loss ratio are high across the input voltage range. These high 
loss ratios are mainly because of the gate voltage values of the main rectification-
switch PMOSs M12 and M13. On the one hand, when 𝑉𝐼𝑁>𝑉𝑂𝑈𝑇, the gate voltage of 
these PMOSs should be low to allow maximum current flow; on the other hand, when 
𝑉𝐼𝑁<𝑉𝑂𝑈𝑇, their gate voltage should be high to block reverse current flow. For M12 and 
M13 in the static gate-control bootstrapping rectifier, their gate voltage is 
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should be made to balance both situations. Therefore, either the heat loss ratio or the 
reverse leakage loss ratio will be high to achieve the highest output efficiency.  
Another reason is that the gate voltages of the main rectification-switch PMOSs are 
not always able to match the optimum values for the highest output efficiency. 
Because the gate voltage of the rectification-switch PMOSs is controlled by the 
threshold voltages of the PMOSs M3, M31 and M32, there is a conflict between the 
change of optimum gate voltage in different input voltages and the change of 
threshold voltage of the PMOSs in different input voltages. While the difference 
between the input voltage and the optimum gate voltage increases as the input 
voltage increases, the threshold voltages of the PMOSs remain more or less constant 
throughout the input voltage range. This makes the matching between the actual gate 
voltages and the optimum gate voltages only suitable for a small input voltage range, 
which causes the high loss ratios at some input voltages. 
To further improve the efficiency of the bootstrapping rectifier, the gate voltage of the 
main rectification-switch PMOS must be dynamic, which means the gate voltage 
should be close to 0 V when 𝑉𝐼𝑁>𝑉𝑂𝑈𝑇 and should be close to 𝑉𝐼𝑁 when 𝑉𝐼𝑁<𝑉𝑂𝑈𝑇. This 
will be discussed further in the next section. 
4.4.2 Dynamic gate-control rectifier 
4.4.2.1 The dynamic gate-control rectifier 
 
Figure 4.4-13 Circuit structure of dynamic gate-control rectifier 
The structure of the dynamic gate-control rectifier is as shown in Figure 4.4-13. A 
control unit is connected to set the M1 gate voltage value 𝑉𝑔𝑀1 according to the values 
of 𝑉𝐼𝑁 and 𝑉𝑂𝑈𝑇. Instead of controlling the gate voltage of M1 with a static value of 
voltage, a dynamic gate-control rectifier controls the gate of the PMOS M1 with a 
dynamic voltage. The value of this voltage will be at a low voltage level when 𝑉𝐼𝑁>𝑉𝑂𝑈𝑇 
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to turn on M1 and at a high voltage level when 𝑉𝐼𝑁<𝑉𝑂𝑈𝑇 to turn off M1. An example 
simulated waveform is shown in Figure 4.4-14.  
 
Figure 4.4-14 Simulated waveforms of 𝑉𝐼𝑁, 𝑉𝑂𝑈𝑇 and 𝑉𝑔𝑀1 in dynamic gate-control 
rectifier 
At the light load condition (with a high load resistance), the dynamic gate-control 
rectifier has two advantages over the static gate-control bootstrapping rectifier. The 
first advantage is that the heat loss generated by the main rectification-switch PMOS 
M1 can be minimised. The second advantage is that the reverse leakage loss can be 
close to 0% at the same time, making the output efficiency close to the forward 
efficiency. The static gate-control bootstrapping rectifier can achieve only one of these 
two conditions at a time, i.e. either a low heat loss ratio but a high leakage loss, or a 
high heat loss with a low leakage loss.  
However, the dynamic gate-control rectifier has a disadvantage. The dynamic gate-
control rectifier needs to change the voltage of the switch-gate to a target voltage at 
the right time to maximise output efficiency. This means a much more complex control 
circuit is needed for the dynamic gate-control rectifier, which means much more 
energy will be consumed by the control circuit. Therefore, the dynamic gate-control 
rectifier will generate a higher control loss ratio than the static gate-control 
bootstrapping rectifier.  
At the heavy load condition, because 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁 never happens, there will not be any 
leakage loss and the value of 𝑉𝑔𝑀1 can stay at 0 V or -𝑉𝐼𝑁  for maximum forward 
efficiency. The dynamic gate-control rectifier has no advantage over the static one.  
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The simulated performance of an ideal dynamic gate-control rectifier at the light load 
condition can be seen in Figure 4.4-15 and Figure 4.4-16. 
 
Figure 4.4-15 (From simulation) efficiencies of ideal dynamic gate-control rectifier 
with 5 kΩ load resistance and 100 pF load capacitance 
 
Figure 4.4-16 (From simulation) voltages of ideal dynamic gate-control rectifier with 
5 kΩ load resistance and 100 pF load capacitance 
From Figure 4.4-15, the output efficiency of the rectifier is all over 90% for 𝑉𝐼𝑁 from 
1.5 Vpeak to 5 Vpeak. The output efficiency even reaches over 95% for 𝑉𝐼𝑁 3.5 Vpeak or 
higher. For 𝑉𝐼𝑁 = 1 Vpeak, the output efficiency is 76%, which is because of the smaller 
𝑉𝑠𝑔𝑀1 value. The output efficiency is almost 0% for 0.5 Vpeak input because the value 
of 𝑉𝐼𝑁 is less than the value of threshold voltage 𝑉𝑡ℎ𝑀1, and the PMOS M1 is not able 
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loss ratios and reverse loss ratios, which are less than 10% in total. The smaller 𝑉𝑠𝑔𝑀1 
value at 1 Vpeak 𝑉𝐼𝑁 has caused a higher heat loss at the PMOS M1 and thus reduce 
the output efficiency. 
Because of the higher output efficiency, the dynamic gate-control rectifier has a better 
output voltage performance than the static gate-control bootstrapping rectifiers, as 
shown in Figure 4.4-17. Both of the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) and the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) are the highest for 
the dynamic gate-control rectifier when 𝑉𝐼𝑁 is higher than 0.5 Vpeak. For 𝑉𝐼𝑁 between 
2.5 Vpeak and 3.5 Vpeak, the improvement of 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) can be up to 30%.  
 
Figure 4.4-17 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency among static BSR, practical basic BSR and ideal dynamic gate-
control rectifier at the light load condition 
Practical dynamic gate-control rectifiers generally use comparators as the micro-
control unit. As shown in Figure 4.4-18, Comp1 and Comp2 are connected to MP1 and 
MP2, respectively, to set the gate voltages. When IN+ is higher than VDC_OUT, the 
voltage at the negative input of Comp1 is higher than the voltage at its positive input, 
and the output of Comp1 is 0 V, causing the PMOS MP1 to turn on; when IN+ is lower 
than VDC_OUT, the voltage at the positive input of Comp1 is higher than the voltage at 
its negative input, and the output of Comp1 will be close to VDC_OUT, causing the PMOS 
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Figure 4.4-18 Full-Wave Gate Cross-Coupled Rectifier with comparators [168] 
The use of comparators has two shortcomings.  
The first one is the high-power consumption of a comparator. State-of-the-art 
comparators have a supply current of about 550 uA for a power supply voltage 
between 2 V and 5 V [TSV7191], which means a large amount of the output power will 
be consumed by the control circuit if two comparators are used in the rectifier in the 
wireless power system. The efficiency of the rectifier will thus be much reduced.  
The second one is the limited bandwidth of a comparator. For low power comparators 
that are suitable for the rectifier, their bandwidths are normally quite limited. State of 
the art low-power comparators normally have bandwidths of less than 1 MHz and the 
slew rates are normally below 2.5 V/µs. These limitations make it difficult for the 
comparators to switch the PMOSs at the operational frequency of the wireless power 
system. 
From the above analysis, a dynamic gate-control rectifier has a better performance 
than the static gate-control bootstrapping rectifiers with less heat loss and reverse 
leakage loss. However, the control circuit in the dynamic gate-control rectifier is 
potentially power hungry and limited by the circuit bandwidth, which may reduce the 
efficiency advantage of the dynamic gate-control rectifier. Therefore, a low power 
control circuit with an appropriate bandwidth is necessary to make an efficient 
dynamic gate-control rectifier. 
4.4.2.2 Structure and operation of opto-coupled dynamic gate-control bootstrapping 
rectifier 
Based on the structure of the bootstrapping rectifier, an opto-coupled dynamic gate-
control (OCDGC) bootstrapping rectifier is developed in simulation. In this circuit, an 
optocoupler is used to control the gate voltage of the main rectification-switch PMOS, 
so that the waveform of switch-gate voltage will be dynamic, as the waveform of gate 




Figure 4.4-19 Circuit diagram of the OCDGC rectifier 
An optocoupler is an optical-electrical component that contains LEDs and 
phototransistors (or photodiode, photoresistor). As shown in Figure 4.4-19, the LEDs 
D1 and D2 and the phototransistor M2 form an optocoupler.  
An LED is a light emitter diode, which will emit light when a current is flowing through 
it under forward-bias condition. The light output strength from an LED is positively 
related to the amount of its forward current, as shown in Figure 4.4-20. As a junction-
diode, an LED has a threshold voltage, which is related to the colour of the light. 
Normally, the shorter the wavelength of the colour is, the higher the threshold voltage 
will be, as shown in Figure 4.4-21.  
 
Figure 4.4-20 Two typical light-current responses for LEDs [204]  
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A phototransistor is basically a photodiode with internal amplification, as shown in 
Figure 4.4-22. The photodiode will allow current to flow under the reverse-biased 
condition when it senses light with certain frequencies. The light frequency of the LED 
and the operational frequency of the phototransistor in the optocoupler should, 
therefore, match so that the phototransistor can turn on when the LED emits light. The 
V-I response of a photodiode is shown in Figure 4.4-23. The current through the 
photodiode is proportional to the sensed light strength. The stronger the light is, the 
higher the current will flow.   
 
Figure 4.4-22 Phototransistor is basically a photodiode and a bipolar transistor [206] 
 
Figure 4.4-23 Equivalent circuit of a photodiode and its V-I responses under different 
optical energies [207] 
The optocoupler works like a current-controlled current source. In an optocoupler, 
when currents flow through an LED, the LED will emit light of which the strength is 
proportional to the amount of current. The photodiode will then sense the light and 
allow a corresponding amount of current to flow through it. This current will then be 
amplified by the bipolar transistor. The key factors in this operation are the bandwidth 
and the current gain of the optocoupler. The bandwidth represents how fast the 
optocoupler can work with input currents; the current gain represents the gain of the 
output current of the phototransistor over the input current of LEDs.  
In the application of OCDGC bootstrapping rectifier, the bandwidth of the optocoupler 
is 50MHz, and the current gain is 1.  
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The LEDs D1, D2 and the phototransistor M2 in the optocoupler make the main 
control circuit in this rectifier. The table of operation process of the OCDGC rectifier 
can be seen in AppendixA4. . The LED D1 will conduct when the input voltage 𝑉𝐼𝑁 
rises above 𝑉𝐶1+𝑉𝑡ℎ𝐷1, and will stop as soon as 𝑉𝐼𝑁 reaches maximum. When D1 
conducts, it will emit light and the phototransistor M2 in the optocoupler will be turned 
on. The gate voltage of the PMOS M1 will be pulled to ground and M1 will thus turn 
on. The LED D2 will conduct when the output voltage 𝑉𝑂𝑈𝑇 rises above 𝑉𝐶2+𝑉𝑡ℎ𝐷2, and 
will stop as soon as 𝑉𝑂𝑈𝑇 reaches maximum. Normally 𝑉𝑂𝑈𝑇 reaches maximum later 
than 𝑉𝐼𝑁, and the LED D2 will continue to emit light when D1 stops, which will extend 
the M2 conduction time and thus the M1 conduction time. When 𝑉𝑂𝑈𝑇  reaches 
maximum, D2 and D1 both are at off stage. The phototransistor M2 in the optocoupler 
receives no light and thus stop conducting. The gate voltage of the PMOS M1 will be 
pulled to 𝑉𝑂𝑈𝑇 and M1 will stop conducting. The time when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁 will come after 
𝑉𝑂𝑈𝑇 reaches maximum and M1 is already closed by then, so no reverse current will 
flow from the load to the input.   
The key in the operation of the OCDGC bootstrapping rectifier is the charging and 
discharging of the capacitor C1 and C2. The capacitor charging current of C1 
determines the gate voltage of the PMOS M1, and the C1 discharging-end voltage 
determines the turn-on time of the PMOS M1.  
The capacitor charging current is the inflow current from diode D1 (D2) to the 
capacitor C1 (C2). The C1 charging current is determined by the input voltage of 
rectifier as well as the capacitance of C1; the C2 charging current is determined by 
the output voltage of the rectifier as well as the capacitance of C2. Because the 
current gain of the optocoupler is 1, a similar amount of current will flow into the 
collector of the phototransistor M2 as the charging current. Here, the resistor R1 and 
the phototransistor M2 form a common emitter amplifier. When a current is flowing 
through the LEDs and the capacitors are being charged, the light-sensed current 𝐼𝑏𝑀2 
at the base of M2 will be amplified by a gain of β, and a current of 𝛽𝐼𝑏𝑀2 will be 
outputted at the collector of M2. The voltage 𝑉𝑔𝑀1 will thus become 𝑉𝑂𝑈𝑇-β𝐼𝑏𝑀2 × 𝑅1; 
when no current flows through the LEDs, 𝑉𝑔𝑀1 will rise to near VOUT. The rising time 
of 𝑉𝑔𝑀1 is determined by the resistance of R1 and the equivalent capacitance Ceq at 
the collector of M2. Because the time constant for 𝑉𝑔𝑀1 is calculated as 𝑅1 × 𝐶𝑒𝑞, a 
higher resistance of R1 will result in a longer rising time of 𝑉𝑔𝑀1. 
The C1 discharging-end voltage is the voltage of C1 when the discharging period of 
C1 ends. This voltage should be equal to 𝑣𝑖𝑛(𝑡)-𝑉𝑡ℎ𝐷1 when 𝑣𝑖𝑛(𝑡)= 𝑣𝑜𝑢𝑡(𝑡) at the 
rising edge of 𝑣𝑖𝑛(𝑡). Therefore, the capacitor C1 can be charged when 𝑣𝑖𝑛(𝑡)>𝑣𝑜𝑢𝑡(𝑡) 
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happens, causing M1 to turn on at the right time. The C1 discharging-end voltage is 
determined by the capacitance of C1 and the resistance of R2. As C1 is fixed in 
determining the charging current, the resistance of R2 will be set to adjust the C1 
discharging-end voltage. 
4.4.2.3 The performance of the OCDGC bootstrapping rectifier 
The waveform of output voltage is shown in Figure 4.4-24. The simulated performance 
of the OCDGC bootstrapping rectifier is shown in Figure 4.4-25 and Figure 4.4-26. 
 
Figure 4.4-24 Waveform of output voltages of OCDGC rectifier for peak input 
voltages from 1 V to 5 V at the light load condition 
 
Figure 4.4-25 (From simulation) efficiencies of OCDGC bootstrapping rectifier with 5 
kΩ load resistance and 100 pF load capacitance. The simulated waveforms of the 
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Figure 4.4-26 (From simulation) output voltages and VCR of OCDGC bootstrapping 
rectifier with 5 kΩ load resistance and 100 pF load capacitance 
The output efficiencies of the OCDGC bootstrapping rectifier are over 80% for VIN 
over 2 Vpeak but are comparatively low for VIN under 1 Vpeak. For input voltages of            
2 Vpeak and higher, the output efficiencies are all more than 80%. The main energy 
loss is the control loss, which is averagely 8%. One part of the control loss is from the 
capacitor and resistor pairs R2-C1 and R3-C2, which accounts for an average of 30% 
of the control loss; the other part is from the photo-transistor M2 and the resistor R1, 
which accounts for the rest of the control loss. The other main energy loss is the heat 
loss of M1, whose ratio increases from about 3.7% to about 8.6% as the input voltage 
decreases from 5 Vpeak to 2 Vpeak. The reverse loss ratio remains low for this input 
range, with an average of 2.3%.  
At 1.5 Vpeak input, there is an abrupt output efficiency decrease compared with the 
output efficiency at 2 Vpeak. This is due to the increase of heat loss ratio of M1, which 
is about 19%. This higher loss is because of the shorter switch-on time of the PMOS 
M1 and the smaller difference between VIN and 𝑉𝑔𝑀1 when M1 turns on. For 1.5 Vpeak 
and lower input voltages, with the same value of resistor R2, the capacitor C1 voltage 
is not low enough to enable currents to flow through the LED D1 when VIN rises and 
𝑉𝐼𝑁>𝑉𝑂𝑈𝑇 happens. Therefore, the turn-on time of the PMOS M1 is delayed, which 
causes a shorter M1 overall switch-on time. This can be solved by reducing the value 
of R2, but a smaller value of R2 will increase the reverse leakage loss for higher input 
voltages. 
The heat loss ratio continues to increase at 1 Vpeak input to about 67%, causing the 
output efficiency to drop to 26%. At 0.5 Vpeak input, the gate voltage of M1 is unable to 
turn on M1, so the output efficiency is almost 0%. 
The voltage performance of the OCDGC bootstrapping rectifier is a big improvement 
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2 Vpeak and 5 Vpeak. A comparison of 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) and 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) between the OCDGC 
bootstrapping rectifier and the static gate-control bootstrapping rectifier is shown in 
Table 4.4-5.  
VIN/V 2 2.5 3 3.5 4 4.5 5 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) 
difference/V 
0.16 0.56 0.39 0.27 0.11 0.03 0.00 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) 
difference/V 
0.14 0.44 0.31 0.23 0.14 0.13 0.19 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) 
difference ratio 
9.3% 29.7% 15.2% 8.3% 2.8% 0.6% 0.0% 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) 
difference ratio 
10.3% 29.9% 15.7% 9.3% 4.8% 3.9% 5.2% 
Table 4.4-5 (From simulation) 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference, 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference and their 
ratio between the OCDGC bootstrapping rectifier and the static gate-control 
bootstrapping rectifier at the input voltage range between 2 Vpeak and 5 Vpeak 
Because of the dynamic voltage at the gate of M1, the OCDGC bootstrapping rectifier 
has much higher 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  and 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠)  than the static gate-control 
bootstrapping rectifier for input voltages between 2 Vpeak and 3.5 Vpeak, with at least 8% 
improvement for the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) and 9% for the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠). The improvement is less 
for input voltages between 4 Vpeak and 5 Vpeak. The 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference is between 
2.8% and 0%. The 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠)  difference is between 3.9% and 5.2%. The 
improvement of 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) is due to the larger voltage difference between 𝑉𝐼𝑁 and 
𝑉𝑔𝑀1 of the OCDGC bootstrapping rectifier; the improvement of 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) is due to 
both the larger 𝑉𝐼𝑁  and 𝑉𝑔𝑀1  difference when 𝑉𝐼𝑁 > 𝑉𝑂𝑈𝑇  and the 𝑉𝑂𝑈𝑇  and 𝑉𝑔𝑀1 
difference when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁. 
For input voltage of 1 Vpeak and 1.5 Vpeak, the voltage performance of the OCDGC 
bootstrapping rectifier is worse than the static gate-control bootstrapping rectifier, as 
shown in Table 4.4-6. For 1.5 Vpeak input, the 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  is lower for OCDGC 
bootstrapping rectifier but the 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠)  is higher. This is because of the lower 
reverse leakage loss at the OCDGC bootstrapping rectifier than the static gate-control 
bootstrapping rectifier. For 1 Vpeak input, because of the much higher heat loss ratio, 
the OCDGC bootstrapping rectifier has lower 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥)  and 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) than the 
static gate-control bootstrapping rectifier. 
VIN/V 1 1.5 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference/V -0.51 -0.06 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference/V -0.38 0.05 
𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference ratio -59.7% -4.5% 
𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference ratio -58.4% 5.3% 
Table 4.4-6 (From simulation) 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) difference, 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠) difference and their 
ratio between the OCDGC bootstrapping rectifier and the static gate-control 
bootstrapping rectifier at the input voltage range for 1 Vpeak and 1.5 Vpeak 
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A comparison of the output efficiency and output voltages between the OCDGC 
bootstrapping rectifier and the static gate-control bootstrapping rectifier is shown in 
Figure 4.4-27. The OCDGC bootstrapping rectifier has the highest output efficiencies 
and the highest output RMS voltages at input voltages between 1.5 Vpeak and 5 Vpeak 
among the three rectifiers. The OCDGC output maximum voltages are also the 
highest at input voltages between 2 Vpeak and 5 Vpeak. For input voltage of 1 Vpeak, the 
output efficiency of the OCDGC bootstrapping rectifier is much less than the other 
rectifiers, causing much less 𝑉𝑂𝑈𝑇(𝑚𝑎𝑥) and 𝑉𝑂𝑈𝑇(𝑟𝑚𝑠). 
 
Figure 4.4-27 (From simulation) comparison of voltage conversion ratio (VCR) and 
output efficiency among the static gate-control bootstrapping rectifier, the practical 
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In this chapter, the AC-DC rectifier circuits that can be used in the wireless power 
transfer system for micro-implants are discussed. The simplest form of a rectifier is 
the junction-diode rectifiers. They are robust and simple and are widely used at high-
voltage power systems. However, for the application of high-frequency wireless 
micro-implants, their high threshold voltages and current leakages at high frequency 
will stand out and reduce the overall system efficiency. The diode-connected PMOS 
rectifiers have the same high threshold voltage problem and thus are not suitable for 
the application. 
To improve the overall system efficiency, bootstrapping rectifiers (BSR) are 
considered. bootstrapping rectifiers use the voltage at the bootstrapping capacitor to 
control the gate voltage of the main rectification-switch PMOS M1. The capacitor 
voltage is adjusted to be a set of DC values that turns on the PMOS M1 when 
𝑉𝐼𝑁>𝑉𝑂𝑈𝑇, and turns off M1 when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁. The practical basic bootstrapping rectifier 
has better output efficiency and output voltage performances across the input voltage 
range. However, for low input voltages and in heavy load conditions, the capacitor 
voltage is not able to turn on the PMOS M1 fully, causing low output efficiencies and 
output voltages.  
To improve the performance, a static gate-control bootstrapping rectifier is designed. 
This rectifier considers the operation of the rectifier at the heavy load condition (with 
a load resistance of 500 Ω), in which the output efficiency can be up to 90%. For light 
load conditions (with a load resistance of 5 kΩ), modifications have been made based 
on the practical basic bootstrapping rectifier, improving the output efficiency at low 
input voltages. However, the switch-gate voltage is still in DC form, restricting the 
performance of the rectifier. 
To further improve the performance at the light load conditions, dynamic gate-control 
bootstrapping rectifiers are introduced. These rectifiers set the gate of the main switch 
PMOS to a low voltage when 𝑉𝐼𝑁>𝑉𝑂𝑈𝑇, and to a high voltage when 𝑉𝑂𝑈𝑇>𝑉𝐼𝑁. The 
problem is that in previous designs, the control circuit normally consumes a 
comparatively high power and are not suitable for wireless micro-implants. To solve 
this, the OCDGC bootstrapping rectifier is presented. This rectifier uses an 
optocoupler to control the gate of the PMOS-switch. The output efficiency and the 
output voltage performance of the OCDGC rectifier are better than the static gate-
control bootstrapping rectifiers at an input voltage range between 1.5 Vpeak and 5 Vpeak. 
At lower input voltages, the performance of the OCDGC rectifier is worse due to the 
mismatch of resistance.  
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In the application of wireless power system for micro-implants, a shortcoming of 
OCDGC bootstrapping rectifier is that the optocoupler may not be able to integrate 
with the rest of receiver circuit because the LED and phototransistor may not be able 
to be built in the same process for MOSFETs and other circuit components. In this 
case, extra common substrates, such as flexible PCBs, may be used for the 
connection between the optocoupler and the rest of circuits. Even though this may 
increase the size of the receiver, create extra parasitic capacitance and, more 
importantly, weaken the robustness of the whole system, the problems can be solved 
with careful package design. 
Overall, the OCDGC bootstrapping rectifier and the static gate-control bootstrapping 
rectifier are suitable for a wireless power implant with a low power budget (e.g. the 
IMPACT sensors) because of the following reasons: 
• The rectifiers have a low control energy loss ratio (less than 10% for OCDGC 
and less than 3% for the static BSR) compared with the comparator-based 
rectifiers. 
• They will also be able to work with high efficiencies and low voltage drops for 
the input voltage ranging from 1 Vpeak to 5 Vpeak, which is the induced voltage 
range of the receiver coil in the proposed WPT system.  
• The active switches in the rectifiers can be controlled by MCU on the implant 
to achieve LSK modulation for signal transmission from the receiver to the 
transmitter, which can reduce the power loss caused by extra switches.  
Because of restriction in time and resource, the OCDGC rectifier and the static BSR 
are only tested in simulation. In future studies, these rectifiers will be tested on ICs for 




Chapter 5 The performance of the full 
proposed magnetic coupling resonance 
WPT system 
5.1 Full proposed magnetic coupling resonance WPT system 
model 
The block diagram of the full magnetic coupling resonance WPT system is shown in 
Figure 5.1-1. The system involves three parts: 
• The coupling coil circuit, which consists of a power source, an impedance 
matching network, and the coupling coil 
• The primary coil circuit, which consists of a variable capacitor, and the primary 
coil 
• The receiver coil circuit, which consists of the receiver (secondary) coil, a 
tuning capacitor, an impedance matching network, a rectifier, and a load  
 
Figure 5.1-1 System diagram of the full proposed magnetic coupling resonance 
WPT system including the magnetic coupling link, the rectifier and the load at the 
receiver 
It should be noted that, at the receiver, the secondary coil is connected in series with 
the tuning capacitor, which forms a series L-C circuit to resonate at the operational 
frequency. 
The equivalent circuit of the system is shown in Figure 5.1-2. The explanation of 
symbols is listed in Table 5.1-1.  
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Figure 5.1-2 Equivalent circuit diagram of the proposed WPT system  
Coupling coil circuit 
VIN 
The output voltage 
of the power 
source 
CM1, CM2 and LM 
The variable 
capacitors and the 
multi-tap inductor 
of the impedance 
matching network 
RSource 
The impedance of 
the power source 
LCouple 
The inductance of 
the coupling coil 
RCouple 
The AC resistance 





coupling coil and 
the primary coil 
Primary coil circuit 
RPrimary 
The AC resistance 
of the primary coil 
LPrimary 
The inductance of 










primary coil and 
the receiver coil 
Receiver coil circuit 
LRX 
The inductance of 
the receiver coil 
RRX 
The AC resistance 
of the receiver coil 
CRX 
The tuning 
capacitor in the 
receiver coil circuit 




in the receiver 
circuit 
RLoad Load resistance CLoad Load capacitance 
Table 5.1-1 Symbols and components in the circuit diagram 
In the system, there are two impedance matching networks. One is in the coupling 
coil circuit. This impedance matching network is a T-section circuit, with two variable 
capacitors and a variable inductor. The network is set to match the impedances of the 
power source (RSource) to the total impedance of the coupling coil and the reflected 
primary coil. The other impedance matching network is in the receiver circuit. This 
impedance matching circuit is either a normal L-section or a reverse L-section circuit, 
depending on the condition of the values of the rectifier impedance and the receiver 
coil impedance. If the receiver coil impedance is higher than the rectifier impedance, 
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the normal L-section circuit is used; otherwise, the reverse L-section circuit is used. 
To maximise the power delivered to load (PDL), the network is set to match the 
impedance of the rectifier in the conduction state to the total impedance of the receiver 
coil and the reflected primary coil. 
The magnetic links are represented by the mutual inductances between coils. Here, 
M1 is the mutual inductance between the coupling coil and the primary coil. Its value 
is chosen to maximise the current at the primary coil, which is discussed in Section 
3.1.2. The mutual inductance M2 is between the primary coil and the receiver coil. Its 
value is determined by the coupling between the two coils, which is discussed in 
Section 6.4.1. 
To analyse the performance of the full proposed WPT system, the power delivered to 
the rectifier will be calculated first. Unlike the circuit model in Section 3.3, which treats 
the magnetic link between the primary coil and the receiver coil as a perfect voltage 
source at the receiver, the circuit model in this chapter considers the magnetic link as 
a voltage source with a source impedance, because, in reality, the impedance of the 
primary coil will also be reflected to the receiver side. With this circuit model, the actual 
output power of the receiver coil can be analysed.  
The second part of the analysis is to calculate the PDL of the full proposed WPT 
system. Here, the performance of the rectifier will be involved. With consideration of 
the impedance matching network, the input voltage of the rectifier will be calculated 
first for a range of rectifier input impedance. The PDL will then be calculated based 
on the power delivered to the rectifier and the power conversion efficiency of the 




5.2 The power delivered to the rectifier  
5.2.1 Circuit model analysis 
To calculate the power delivered to the rectifier, it is necessary to obtain the current 
at the primary coil. To obtain the current, the steps are as follows. 
1. Reflect the impedance of the receiver coil circuit to the primary coil circuit 
2. Calculate the equivalent voltage and impedance at the output of the 
impedance matching network in the coupling coil circuit  
3. Reflect the voltage and impedance of the coupling coil circuit to the primary 
coil circuit 
4. Calculate the current at the primary coil circuit 
Firstly, the impedance of the receiver coil circuit is reflected to the primary circuit and 
is noted as R′RX. The circuit diagram thus becomes as Figure 5.2-1. As discussed in 






• ω is the angular operational frequency  
• RRX is the AC resistance of the receiver coil 
• R′Rec is the equivalent resistance of the impedance matching network and the 
rectifier at the receiver coil circuit 
 
Figure 5.2-1 Equivalent circuit diagram for the proposed WPT system with the 
receiver circuit reflected to the primary circuit. R’RX is the reflected receiver coil 
circuit impedance. 
Secondly, the equivalent voltage and impedance at the output of the impedance 
matching network in the coupling coil circuit are calculated. The circuit diagram thus 
becomes as Figure 5.2-2, where VIN’ and 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒 are the equivalent voltage and 
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impedance. The value of VIN’ can be calculated, as shown in the T-section network 
in Section 2.3.2.2. 
 
Figure 5.2-2 Equivalent circuit diagram of the proposed WPT system with the 
magnetic coupling link and the receiver impedance matching circuit represented by 
an equivalent voltage source VIN’ and an equivalent resistor 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒. 𝑅′𝑅𝑋 is the 
receiver equivalent resistance on the primary coil. 
The value of 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒 is the complex conjugate of the summation of the impedance of 
the coupling coil and the impedance of the reflected primary coil circuit. Because the 
impedance of the coupling coil inductance is cancelled by the impedance of 
capacitance in the coupling coil circuit, 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒 should be equal to the summation of 
the AC resistance of the coupling coil and the reflected resistance of the primary coil 
circuit. As discussed in Section 6.3.2, the reflected resistance of the primary coil circuit 





= 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 (5.2) 






Therefore, because of impedance matching, from (2.64) and (5.2), 
 𝑅′𝑆𝑜𝑢𝑟𝑐𝑒 = 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑅′𝑃𝑟𝑖&𝑅𝑋 = 2𝑅𝐶𝑜𝑢𝑝𝑙𝑒 (5.4) 
The circuit diagram in Figure 5.2-2 is similar to the circuit diagram in Figure 3.1-1. 
Following the calculation in Section 3.1.2, the reflected voltage and impedance of the 
coupling coil circuit in the primary coil circuit can be calculated.  
From (3.18), the maximum current at the primary coil can be obtained, which is 
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With the current in the primary coil circuit, the magnetic field strength generated by 
the primary coil and the induced voltage at the receiver coil can then be generated. 
The full formula of the magnetic field strength is discussed in Section 6.4.1. 
With the induced voltage at the receiver coil, we can then calculate the power 
delivered to the rectifier. The full receiver circuit diagram is shown in the top of Figure 
5.2-3. Because the impedance matching network is set to match the impedance of 
the rectifier 𝑅𝑅𝑒𝑐 and 𝑅′𝑃𝑟𝑖+𝑅𝑅𝑋, the circuit diagram can be simplified as shown in the 
bottom of Figure 5.2-3, where the impedance matching network and the rectifier are 
represented by the resistor R′Rec. 
    
Figure 5.2-3 (Left) full circuit diagram of receiver coil circuit with reflected voltage 
𝑉𝐼𝑁𝐷 and impedance 𝑅′𝑃𝑟𝑖 of primary coil circuit; (right) equivalent circuit diagram 
with the matched rectifier impedance represented by resistor 𝑅′𝑅𝑒𝑐. 
Based on the circuit on the right of Figure 5.2-3, from (2.61), the power delivered to 
the rectifier can thus be calculated as 
 𝑃𝑂𝑈𝑇_𝑅𝑋 = (
𝑉𝐼𝑁𝐷




• VIND is the induced voltage at the receiver coil 
• RRX is the receiver coil AC resistance 
• R′Rec is the equivalent resistance of the impedance matching circuit and the 
rectifier 
For impedance matching, 𝑅′𝑅𝑒𝑐 = 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋, and R′Pri is the reflected resistance of 
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• RPrimary is the primary coil AC resistance 
• M2 is the mutual inductance between the primary coil and the receiver coil. 
The value of M2 is discussed in Section 6.4.1.  
• R′Couple is the reflected resistance of the coupling coil in the primary coil circuit. 












(𝑅𝑃𝑟𝑖𝑚𝑎𝑟𝑦 + 𝑅′𝑅𝑋) (5.8) 
• R′RX is the reflected resistance of the receiver coil circuit in the primary coil 
circuit, as calculated in (5.1) 
5.2.2 Calculation result 
In this section, calculations are carried out: 
• To find out the output impedance of receiver coil  
• To find out the maximum induced voltage and RX coil output power 
• In different turn numbers and in two different media 
To calculate the power delivered to the rectifier, the optimum dimensional parameters 
of the transmitter and receiver for 20 cm transfer distance and 8 MHz operational 
















Symbol p (mm) D (cm) N 
dwire 
(mm) 
μ′r μ′′r f (MHz) h (cm) 
Primary 
coil 




0.1 0.2 1-250 0.1 80 5 
Table 5.2-1 Parameters of the full WPT system 
The calculations are carried out in two different media, in air and in human tissue. In 
air, the relative dielectric constant 𝑟_𝑎𝑖𝑟=1, and the conductivity 𝜎 is 0. In human 
tissue, as discussed in Section 2.3.4.2, 𝑟_𝑡𝑖𝑠𝑠𝑢𝑒=160, 𝜎=0.625 S/m. 





Figure 5.2-4 Induced RMS voltage on RX coil in the full system in air and in human 
tissue in 20 cm transfer distance with turn number NRX from 1 to 250. 
The induced voltage rises exponentially at small turn numbers (from 0 to 50) and 
linearly at larger turn numbers (from 50 to 250). Compared with the results in Table 
3.3-7, it can be seen that the RX induced voltage in air in the full system (in Figure 
5.2-4) is the same as the RX induced voltage when the reflected impedance from 
primary coil to receiver coil 𝑅′𝑃𝑟𝑖 is not considered (in Table 3.3-7). The reason for this 
is because 𝑅′𝑃𝑟𝑖 is negligible compared with the self-resistance of the RX coil, which 
can be seen in Table 5.2-2. Here, the self-resistance 𝑅𝑅𝑋 is 𝑅𝑓𝑒𝑟𝑟𝑖𝑡𝑒 + 𝑅𝐴𝐶−𝐶𝑜𝑖𝑙 as in 
(3.48). 
𝑁𝑅𝑋  𝑅′𝑃𝑟𝑖 (Ω) 𝑅𝑅𝑋 (Ω) 𝑁𝑅𝑋  𝑅′𝑃𝑟𝑖 (Ω) 𝑅𝑅𝑋 (Ω) 
50 0.09 9.80 200 10.9 385 
100 1.23 69.8 250 19.4 606 
150 4.74 199    
Table 5.2-2 Comparison of values of reflected impedance from primary coil to 
receiver coil 𝑅′𝑃𝑟𝑖 and RX self-resistance 𝑅𝑅𝑋 in different turn numbers in air 
The induced voltage in human tissue is less than half of the induced voltage in air, 
which is because of the attenuation of magnetic field in the medium. It can be seen 
that medium attenuation has a serious reduction effect on the performance of WPT 
system. 
To calculate the RX coil output power, the equation (5.6) is referred. Because of 
impedance matching at the RX circuit, the rectifier equivalent resistance 𝑅′𝑅𝑒𝑐 is the 
same as the total resistance of RX coil 𝑅′𝑅𝑒𝑐 = 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋 . Because the total 
resistance of RX coil is different in different turn numbers and in different media, the 
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rectifier equivalent resistance 𝑅′𝑅𝑒𝑐 is also different. The values of 𝑅′𝑅𝑒𝑐 is shown in 
Table 5.2-3. 
𝑁𝑅𝑋 𝑅′𝑅𝑒𝑐 (Ω) in air 
𝑅′𝑅𝑒𝑐 (Ω) in 
human tissue 
𝑁𝑅𝑋 𝑅′𝑅𝑒𝑐 (Ω) in air 
𝑅′𝑅𝑒𝑐 (Ω) in 
human tissue 
50 9.89 9.82 200 395 387 
100 71.0 70.0 250 625 610 
150 203 200    
Table 5.2-3 Rectifier equivalent resistance 𝑅′𝑅𝑒𝑐 in different turn numbers in air and 
in human tissue 
It can be seen that the values of 𝑅′𝑅𝑒𝑐 between air and human tissue has not much 
difference when turn number 𝑁𝑅𝑋 is between 50 and 150, and the difference is bigger 
when 𝑁𝑅𝑋= 200 and 250. The reason for this is because the field attenuation in human 
tissue causes 𝑅′𝑃𝑟𝑖 to be smaller than the value in air, and the absolute difference 
between the 𝑅′𝑃𝑟𝑖 values in human tissue and in air grows bigger when 𝑁𝑅𝑋 increases. 
The difference is not obvious at lower 𝑁𝑅𝑋 is because of the large 𝑅𝑅𝑋 compared with 
the small 𝑅′𝑃𝑟𝑖 value. 
With the values of 𝑅′𝑃𝑟𝑖 in different turn numbers, the output power of RX coil 𝑃𝑂𝑈𝑇_𝑅𝑋 
can be calculated. The result is shown in Table 5.2-4. 
𝑁𝑅𝑋 
𝑃𝑂𝑈𝑇_𝑅𝑋 in air 
(mW) 
𝑃𝑂𝑈𝑇_𝑅𝑋 in human 
tissue (mW) 
𝑁𝑅𝑋 





50 1.3 0.23 200 3.8 0.73 
100 2.4 0.45 250 4.3 0.82 
150 3.2 0.61    
Table 5.2-4 Output power of RX coil 𝑃𝑂𝑈𝑇_𝑅𝑋 in different turn numbers in air and in 
human tissue 
It can be seen that while the RX coil output power 𝑃𝑂𝑈𝑇 in air all exceeds 1 mW for 
𝑁𝑅𝑋>50, in human tissue, 𝑃𝑂𝑈𝑇_𝑅𝑋 is all lower than 1 mW. In actual application, the 
value of 𝑃𝑂𝑈𝑇_𝑅𝑋 will lie between these two values because the calculation parameters 
chosen for human tissue is of conductive tissues with high water density. If the transfer 
path contains human tissues with less water density, such as muscle and fat, the 
value of 𝑃𝑂𝑈𝑇_𝑅𝑋 will be higher than the results presented for conductive human tissue. 
However, the results also indicate that, in actual application, the position of implants 
should be carefully selected so that the power transfer path contains more tissues 
with low water density to ensure enough received power. 
Another thing to notice in the table is that the increase rate of 𝑃𝑂𝑈𝑇_𝑅𝑋 is lower at higher  
𝑁𝑅𝑋. In air, from 𝑁𝑅𝑋=50 to 250, the increase of 𝑃𝑂𝑈𝑇_𝑅𝑋 per 50 turns is 1.1 mW (50 to 
100), 0.8 mW (100 to 150), 0.6 mW (150 to 200) and 0.5 mW (200 to 250). In human 
tissue, a similar trend of 𝑃𝑂𝑈𝑇_𝑅𝑋  also exists. The reason for this is mentioned in 
Section 3.3.4.3. Because the magnetic field strength from the primary coil gets weaker 
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as the transfer distance increases, the field strength is weaker at the far end of the 
RX coil than the field strength at the close end. Moreover, the RX coil resistance will 
rise when the turn number increases. These two factors cause the increase rate of 
output power get lower at higher 𝑁𝑅𝑋. The lower increase rate of 𝑃𝑂𝑈𝑇_𝑅𝑋 indicates 
that the turn number or length of RX coil is not the larger the better. At one turn number, 
the field strength will become so weak that the increase of RX coil resistance will 
become the dominant factor, and a further increase of turn number will reduce the 
output power. From the little increase of 𝑃𝑂𝑈𝑇_𝑅𝑋 (0.5 mW in air and 0.09 mW in tissue) 
for 𝑁𝑅𝑋 from 200 to 250, it can be seen that a further increase of 𝑁𝑅𝑋 will only result 
in a less increase on 𝑃𝑂𝑈𝑇_𝑅𝑋 but will cause a higher risk on the physical robustness 
of the implant. Therefore, it is not beneficial for the RX coil to exceed the length limit 
(5 cm). 
In the RX coil circuit, because the power consumption of the impedance matching 
network is negligible, the output power of the RX coil 𝑃𝑂𝑈𝑇_𝑅𝑋 equals to the power 
delivered to the rectifier 𝑃𝑅𝑒𝑐. In the next section, the power delivered to load (PDL) 
will be calculated based on 𝑃𝑅𝑒𝑐 in different turn numbers and in different media to 




5.3 The power delivered to load 
Once the power delivered to the rectifier is obtained, the power delivered to load (PDL) 
can be calculated by multiplying the power delivered to the rectifier with the power 
conversion efficiency (PCE, i.e. the output efficiency used in Chapter 4) of the rectifier. 
However, from the discussion in Chapter 4, the PCE of a rectifier is different in 
different input voltages. Therefore, it is necessary to calculate the input voltage of the 
rectifier first.  
As an impedance matching network is used in the receiver coil circuit, the value of the 
input voltage of the rectifier will be different with different types of matching networks. 
For simplicity, two basic types of impedance matching circuits, normal L-section and 
reverse L-section, will be used as examples. Moreover, the input impedance of the 
rectifier will also affect the input voltage of the rectifier, which can be seen in the 
discussion in Section 2.3.2. Because the input impedance of a rectifier is dependent 
on the rectifier load condition, the rectifier input voltage and PDL in different load 
resistance will be discussed. Because the rectifier input voltage and input power are 
different for different RX turn numbers, the PDL will also be discussed for different RX 
turn numbers.   
The analysing steps for the PDL are as follows. 
1. Calculate the input voltage of the rectifier in a range of rectifier input 
impedance 
2. Calculate the power delivered to load based on the power delivered to the 
rectifier and the PCE corresponding to the input voltage 
5.3.1 The receiver coil circuit model with the impedance matching circuit 
(1) Normal L-section circuit 
From the discussion in Section 2.3.2.1, for a normal L-section impedance matching 
circuit as shown in Figure 5.3-1, the following expressions can be obtained.       
   
Figure 5.3-1 Normal L-section impedance matching circuit  




     
   
          
                
    





Assuming that the target input impedance of the rectifier RRec is resistive and the 









 𝑋2 = ∓𝑍𝐿𝑄 = ∓𝑅𝑅𝑒𝑐𝑄 (5.10) 
 𝑄 = √
𝑍𝑆
𝑍𝐿
− 1 = √
𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋
𝑅𝑅𝑒𝑐
− 1 (5.11) 
 𝑉𝐼𝑁′ =
𝑗𝑋1






𝑗𝑋1 + (𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋)
𝑉𝐼𝑁 (5.13) 
• 𝑉𝑅𝑒𝑐 is the rectifier input voltage 
• RRec is the target input impedance of the rectifier for matching 
The target input impedance RRec of the rectifier for matching is the average input 
impedance of the rectifier in the conducting state. This value is chosen so that the 
input impedance of the rectifier can match the output impedance (R′Pri + RRX) of the 
receiver coil when the rectifier is conducting. However, the actual input impedance of 
the rectifier is not a constant, even during the conducting state. Therefore, in reality, 
a perfect match cannot be guaranteed during the rectifier conducting state. The 
calculated rectifier input voltage 𝑉𝑅𝑒𝑐  is thus an approximation of the actual value, 
which provides a guideline to assess the performance of the WPT system. 
(2) Reverse L-section circuit 
From the discussion in Section 2.3.2.1, for a reverse L-section impedance matching 
circuit as shown in Figure 5.3-2, the following expressions can be obtained.       
 
Figure 5.3-2 Reverse L-section impedance matching circuit 




     
   
          
                 
    





Assuming that the target input impedance of the rectifier RRec is resistive and the 









 𝑋2 = ∓𝑍𝑆𝑄 = ∓(𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋)𝑄 (5.15) 
 𝑄 = √
𝑍𝐿
𝑍𝑆
− 1 = √
𝑅𝑅𝑒𝑐
𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋
− 1 (5.16) 
 𝑉𝐼𝑁′ =
𝑗𝑋1






𝑗𝑋1 + 𝑗𝑋2 + (𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋)
𝑉𝐼𝑁 (5.18) 
• VRec is the rectifier input voltage 
• RRec is the target input impedance of the rectifier for matching 
The relations of VRec, RRec are the same as discussed in the last section. 
5.3.2 Power delivered to load (PDL) calculation result 
From the above analysis, when 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋>𝑅𝑅𝑒𝑐 , the normal L-section matching 
network is used. When 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋<𝑅𝑅𝑒𝑐, the reverse L-section matching network is 
used. Therefore, in different rectifier input resistance, the choice of matching network 
is different. Moreover, because 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋 changes when RX turn number changes, 
RX turn number also affects the choice of matching network. Therefore, both the RX 
turn number and the comparison of 𝑅′𝑃𝑟𝑖 + 𝑅𝑅𝑋 and RRec are needed to consider to 
calculate the input voltage of rectifier 𝑉𝑅𝑒𝑐 and also the PDL.  
It should be noted that, because the impedance matching network has a negligible 
power consumption, the input power of the rectifier equals to the RX coil output power, 
which is only determined by the RX coil turn number. Therefore, for one turn number, 
the rectifier input power 𝑃𝑅𝑒𝑐 is constant regardless of the rectifier input resistance 
𝑅𝑅𝑒𝑐. The rectifier input voltage 𝑉𝑅𝑒𝑐 is essentially determined by 𝑃𝑅𝑒𝑐 and 𝑅𝑅𝑒𝑐. The 
resulted 𝑉𝑅𝑒𝑐 versus 𝑅𝑅𝑒𝑐 for each 𝑁𝑅𝑋 is shown in Figure 5.3-3. The corresponding 





Figure 5.3-3 Rectifier input voltage 𝑉𝑅𝑒𝑐 versus rectifier input resistance 𝑅𝑅𝑒𝑐. Pin-
Rec means the input power to the rectifier. The horizontal lines are the minimum 
working voltages of OCDGC rectifier and static BSR rectifier. 
As shown, for a specific turn number, with a constant 𝑃𝑅𝑒𝑐, the rectifier input voltage 
𝑉𝑅𝑒𝑐 increases as the rectifier input resistance 𝑅𝑅𝑒𝑐 increases. With the same input 
resistance 𝑅𝑅𝑒𝑐, a higher turn number 𝑁𝑅𝑋 (of the presented range 100 to 250) will 
result in a higher rectifier input voltage 𝑉𝑅𝑒𝑐. Due to the presence of conductive human 
tissue, the rectifier input voltage 𝑉𝑅𝑒𝑐 is much reduced in tissue because of the lower 
rectifier input power 𝑃𝑅𝑒𝑐 . For a high RX turn number, such as 𝑁𝑅𝑋=250, 𝑉𝑅𝑒𝑐  can 
reach more than 4.5 V in air but only 2 V in human tissue when 𝑅𝑅𝑒𝑐=5 kΩ.  
In Figure 5.3-3, the two horizontal lines indicate the minimum working voltages for the 
OCDGC rectifier and the static BSR rectifier developed in Chapter 4. The minimum 
working voltage means the minimum input RMS voltage with which the rectifier can 
operate in a high efficiency level. For the OCDGC rectifier, the range of input RMS 
voltage for high efficiency is from 1.06 V to 3.54 V, which can be seen in Figure 4.4-25. 
The power conversion efficiency is from 73% to 85% for the light load condition. For 
the static BSR rectifier, the range is from 0.707 V to 3.54 V, with the power conversion 
efficiency from 53% to 77% for the light load condition and from 82% to 89% for the 
heavy load condition, which can be seen in Figure 4.4-3 and Figure 4.4-10.  
The crossover between the minimum working voltage 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛 line and the 𝑉𝑅𝑒𝑐-𝑅𝑅𝑒𝑐 
curve indicates the required minimum rectifier input resistance 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛  for the 
rectifier to work in the high efficiency range with the full WPT system. The values of 
𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 for each RX coil turn number are listed in Table 5.3-1. 
 
214 












static BSR (Ω) 








Table 5.3-1 Rectifier input resistance 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 for each 𝑁𝑅𝑋 to meet the RMS 
minimum working voltages 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛 of the rectifiers. 1.06 V for OCDGC rectifier and 
0.707 V for static BSR rectifier. 
In the discussion of rectifiers in Chapter 4, the load conditions are divided into light 
load and heavy load depending on whether the minimum rectifier output voltage will 
drop to 0 V. This is essentially dependent on both the output resistance value and the 
output capacitance value. In the analysis of rectifiers, with a 100 pF load capacitance, 
500 Ω load resistance is chosen as a representative of the heavy load resistance and 
5 kΩ is chosen for the light load.  rom author’s simulation, with 100 pF load 
capacitance, for 𝑅𝐿𝑜𝑎𝑑 <1 kΩ, the output voltage will experience discontinuity (drop to 
0 V); for 𝑅𝐿𝑜𝑎𝑑  >1 kΩ, the output voltage will be continuous. Because most of the 
rectifier input power are consumed by the load, it is a safe assumption that the 
average load resistance is approximately equal to the average rectifier input 
resistance in this analysis. Therefore, for the present rectifiers and load capacitance, 
it can be safely assumed that for 𝑅𝑅𝑒𝑐 <1 kΩ, the rectifiers are at heavy load condition; 
for 𝑅𝑅𝑒𝑐 >1 kΩ, the rectifiers are at light load condition. 
From Table 5.3-1, the values of 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 in air for OCDGC rectifier are all lower than 
1 kΩ. Because OC GC rectifier is mainly used in the light load condition, its input 
resistance 𝑅𝑅𝑒𝑐 will be higher than 1 kΩ, which means the RMS input voltage 𝑉𝑅𝑒𝑐 of 
OCDGC rectifier will be higher than 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛=1.06 V during operation in air. Therefore, 
it can be concluded that, in air, OCDGC rectifier will be able to work in the high 
efficiency range with the proposed WPT system. For power transfer through 
conductive human tissue, however, because the values of 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 are all more than 
1 kΩ, the rectifier input resistance 𝑅𝑅𝑒𝑐  have to be more than the corresponding 
𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 if OCDGC rectifier were to operate in the high efficiency range. For example, 
for 𝑁𝑅𝑋 =250, 𝑅𝑅𝑒𝑐 >1369 Ω should be satisfied if 𝑉𝑅𝑒𝑐  needs to higher than 
𝑉𝑅𝑒𝑐_𝑚𝑖𝑛=1.06 V for OCDGC rectifier to work in the high efficiency range.  
A similar analysis can be applied to the static BSR rectifier in the light load condition, 
which can also lead to the conclusion that static BSR rectifier will be able to work in 
the high efficiency range with the proposed WPT system in air in the light load 
condition, but its 𝑅𝑅𝑒𝑐 should be higher than the corresponding 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 in conductive 
human tissue. For the static BSR rectifier in the heavy load, because its 𝑅𝑅𝑒𝑐 is less 




By combining the rectifier input power 𝑃𝑅𝑒𝑐, the rectifier power conversion efficiency 
𝜂𝑅𝑒𝑐 and the relation between rectifier input voltage 𝑉𝑅𝑒𝑐 and rectifier input resistance 



















>1 1.75 to 2.04 
0.45 
>2.49 0.33 to 0.38 
Static 
BSR 
>1 1.27 to 1.84 >1.1 0.24 to 0.35 




>1 2.34 to 2.72 
0.61 
>1.85 0.45 to 0.52 
Static 
BSR 
>1 1.70 to 2.46 >1 0.32 to 0.47 




>1 2.77 to 3.23 
0.73 
>1.54 0.53 to 0.62 
Static 
BSR 
>1 2.01 to 2.93 >1 0.39 to 0.56 




>1 3.14 to 3.66 
0.82 
>1.37 0.60 to 0.70 
Static 
BSR 
>1 2.28 to 3.31 >1 0.43 to 0.63 
0.12 to 1 3.53 to 3.83 0.61 to 1 0.67 to 0.73 
Table 5.3-2 Predicted PDL for different 𝑁𝑅𝑋, different rectifier and in two different 
media with the input resistance 𝑅𝑅𝑒𝑐 range. For each 𝑁𝑅𝑋, the first row is for 
OCDGC in light load condition; the second row for static BSR in light load condition; 
the third row for static BSR in heavy load condition. The efficiency of the rectifier is 
as shown in Figure 4.4-3, Figure 4.4-10 and Figure 4.4-25. 
From Table 5.3-2, it can be seen that for power transfer in air, the PDLs are able to 
meet the 1 mW requirement for 𝑁𝑅𝑋 ranging from 100 to 250 with either of the rectifier 
in either load condition. The proposed rectifiers are able to work in the high efficiency 
range in the full 𝑅𝑅𝑒𝑐 range (>1 kΩ) of light load condition, and in most of the 𝑅𝑅𝑒𝑐 
range (from 0.12-1 kΩ to  . 1-1 kΩ) of heavy load condition. The efficiency 
requirement of rectifier is loose. For 𝑁𝑅𝑋=100, the PDL can be 1 mW even when 𝜂𝑅𝑒𝑐 
is as low as 42%. However, for power transfer in conductive human tissue, due to the 
attenuation effect, the PDLs are all lower than 1 mW. The 𝑅𝑅𝑒𝑐 range for the operation 
of rectifiers are also much reduced because of less input power 𝑃𝑅𝑒𝑐. For light load 
condition, the 𝑅𝑅𝑒𝑐 range for OCDGC is from >1.37 kΩ to >2.49 kΩ.  or the heavy 
load condition, the 𝑅𝑅𝑒𝑐  range for static BSR is from 0.61-1 kΩ to 0.82-1 kΩ. The 
highest PDL in conductive human tissue is 0.73 mW with 𝑁𝑅𝑋=250 and static BSR in 
the heavy load condition, which is still lower than the lowest PDL in air (1.27 mW). For 
𝑁𝑅𝑋=100 with tissue, the static BSR cannot work in the heavy load condition because 
𝑅𝑅𝑒𝑐_𝑚𝑖𝑛>1 kΩ, which means that, in the heavy load condition, the highest input 
voltage 𝑉𝑅𝑒𝑐 is lower than the minimum required voltage 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛 of static BSR. The 
result shows that the transfer media is extremely vital to the performance of the WPT 
system. With proper selection of transfer media, the rectifier power budget can be 
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much increased, the WPT system will be able to work with a wider load range, and 
the rectifier will be able to work with a higher efficiency.   
In conclusion, for power transfer through air, with a 2 mm ferrite-core solenoid RX coil, 
the proposed WPT system will be able to achieve a PDL of more than 1 mW with 𝑁𝑅𝑋 
from 100 to 250 and with the proposed rectifiers at a 20-cm transfer distance. 
However, with the same set-up, in conductive human tissue, the highest achieved 
PDL is less than 1 mW, which is mainly due to the magnetic field attenuation in media. 
A further increase of 𝑁𝑅𝑋 will not help to improve the situation because the increase 
of power will be very limited as is discussed in Section 5.2.2. The most efficient way 
to increase PDL is by proper selection of power transfer path, so that the path contains 
less conductive tissues. By increasing the proportion of non-conductive tissues in the 
path, the PDL of the system will approach the values obtained in air and meet the 1 





5.4 Summary of this chapter 
In this chapter, the full proposed magnetic coupling resonance WPT system is 
presented and analysed with a target transfer distance of 20 cm and an operational 
frequency of 8 MHz.  
Overall, it can be concluded that, with a proper selection of transfer media, with a 2-
mm ferrite-core solenoid RX coil, the proposed WPT system will be able to achieve a 
PDL of more than 1 mW with the proposed rectifiers at a 20-cm transfer distance. 
In this chapter, a circuit model has been built for the full system with the application 
of impedance matching networks. The matching networks are set to maximise the 
magnetic field strength generated by the primary coil and to maximise the power 
delivered to the rectifier.  
The power link between the primary coil and the receiver coil has been treated as a 
practical power source in the receiver, which is represented by a voltage source 𝑉𝐼𝑁𝐷 
and a source impedance 𝑅𝑃𝑟𝑖
′ .  
The changes of 𝑉𝐼𝑁𝐷 and 𝑅𝑃𝑟𝑖
′  have been analysed with a range of RX turn number 
𝑁𝑅𝑋. Calculation result shows that the induced voltage rises exponentially at small 
turn numbers (from 0 to 50) and linearly at larger turn numbers (from 50 to 250). The 
induced voltage 𝑉𝐼𝑁𝐷 in air is the same as the results obtained in Section 3.3.4.3. 
However, 𝑉𝐼𝑁𝐷 in conductive human tissue is less than half of the value in air under 
the same 𝑁𝑅𝑋, which is because of the field attenuation in tissue.  
With the induced voltage 𝑉𝐼𝑁𝐷 and the reflected impedance 𝑅𝑃𝑟𝑖
′  obtained, the input 
power of the rectifier 𝑃𝑅𝑒𝑐 can be calculated. Because of the impedance matching 
circuit at the RX circuit, the equivalent rectifier resistance 𝑅𝑅𝑒𝑐
′  is the same to 𝑅𝑃𝑟𝑖
′ +
𝑅𝑅𝑋. Analysis of 𝑃𝑅𝑒𝑐 shows that, for power transfer in air, 𝑃𝑅𝑒𝑐 is sufficient to meet the 
1 mW power requirement; for power transfer in conductive human tissue, 𝑃𝑅𝑒𝑐 is less 
than 1 mW. Moreover, the increase of 𝑁𝑅𝑋 is inefficient to increase 𝑃𝑅𝑒𝑐 at a high 𝑁𝑅𝑋 
value because of the weaker field strength at the extra coil turns.  
After the rectifier input power 𝑃𝑅𝑒𝑐 is obtained for different 𝑁𝑅𝑋, with the analysis of 
impedance matching network, the rectifier input voltage 𝑉𝑅𝑒𝑐  versus rectifier input 
resistance 𝑅𝑅𝑒𝑐  for different 𝑁𝑅𝑋  is obtained. The values of 𝑉𝑅𝑒𝑐 , together with the 
working input voltages 𝑉𝑅𝑒𝑐_𝑚𝑖𝑛 of the rectifiers developed in Chapter 4, determines 
the required input resistance 𝑅𝑅𝑒𝑐_𝑚𝑖𝑛 for the rectifiers to work in a high efficiency 
range with the proposed WPT system. Results show that, for power transfer in air, the 
proposed rectifiers are able to work in the high efficiency range in the full 𝑅𝑅𝑒𝑐 range 
of light load condition, and in most of the 𝑅𝑅𝑒𝑐 range of heavy load condition. However, 
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for power transfer in conductive human tissue, the 𝑅𝑅𝑒𝑐 range for the operation of 
rectifiers are much reduced because of less input power 𝑃𝑅𝑒𝑐. As a result, the PDL for 
power transfer in air is able to meet the 1 mW power requirement, while the PDL in 
conductive human tissue is less than the power requirement. The result shows that 
the transfer media is extremely vital to the performance of the WPT system. 
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Chapter 6 Wireless signal transfer in the 
wireless power transfer system 
6.1 Introduction 
Besides delivering electrical energy to the micro-implants, another aim of the 
proposed wireless power transfer system is to transmit data from the micro-implant 
during the power transfer using the same sets of coils. For the IMPACT project, the 
data rate can be as low as 1 byte/second. The data transfer will not have a significant 
effect on power delivery because the frequency for power delivery is up to 8 MHz.   
 
Figure 6.1-1 Illustrative block diagram for the wireless signal transfer scheme 
The proposed wireless signal transfer scheme uses a method similar to the one used 
to measure S-parameters with a network analyser. As shown in Figure 6.1-1, during 
the wireless power transfer, there will be forward power from the power source and 
reflected power from the wireless power system. With these two powers, the reflection 
coefficient can be obtained, which is the S-parameter S11. The power receiver is a 
tuned series L-C circuit feeding the rectifier circuit. If the rectifier is turned off and on 
by the data stream, this can be detected by monitoring the reflection coefficient (S11) 
of the transmitter coil. If the data from the micro-implant can be digitised and used to 
turn the power receiver rectifier on and off using a suitable coding scheme, this data 
can be recovered by measuring or demodulating S11 at the transmitter power source. 
The study of wireless data transfer will focus on determining the feasibility of data 
transfer using the proposed wireless power transfer system with a transfer distance 
up to 20 cm. In other words, this chapter is trying to prove, at least theoretically, that 
a detectable change in S11 will occur at the transmitter side over a transfer distance as 
much as 20 cm. This is equivalent to assess the data transfer sensitivity of the system 
at the transfer distance.  
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In Section 6.2, the background to S-parameters and the operation of network 
analysers will be introduced. Models will be built in Section 6.3 for wireless power 
transfer in two situations: with impedance matching and without impedance matching 
at the coupling coil circuit. The models will be analysed in Section 6.4 with the 
optimised parameters of power transmitter coils and power receiver coils in a range 




6.2 Basics for S-parameters 
Key aims of this section 
• The definitions of one-port and two-port networks are introduced 
• The reflection coefficient S11 of a network is introduced, and its relationship 
with the network dissipated power is discussed 
• The operation of a network analyser is briefly introduced 
Any circuit can be represented as a "black-box", and its properties can be described 
in terms of the signals at its terminals [186]. Depending on the presence of inputs and 
outputs, a system or a circuit can be seen as a one-port network or a two-port network, 
as shown in Figure 6.2-1. For example, the whole wireless power transfer system 
including the power transmitter circuit and the power receiver can be seen as a one-
port network, while the transmitter circuit alone (including the coupling coil circuit and 
the primary coil circuit) can be seen as a two-port network because it has an output 
terminal. 
 
Figure 6.2-1 Block diagram for a one-port network and a two-port network;a1 and b1  
are the incident wave and the reflected wave of port 1; a2 and b2 are the incident 
wave and the reflected wave of port 2 [186] 
For an electric circuit, the analysis of the performance of the circuit depends on the 
measurement of voltage and current at the terminal of the circuit. In a high-frequency 
system, such as the proposed wireless power transfer system, its performance can 
be analysed by the measurement of its forward wave and reflected wave. As shown 
in Figure 6.2-2, a1 is the forward wave, and b1 is the reflected wave.  





        
  
  
      




Figure 6.2-2 Block diagram of a one-port network with terminal voltage V and 
current I, a1 is the forward wave and b1 is the reflected wave [186] 















where 𝑅0 is the reference impedance of the network. 
From (6.1) and (6.2), the terminal voltage and current can be calculated as  




(𝑎1 − 𝑏1) (6.4) 
























2 can be interpreted as the power of reflected wave, the reflected power. 
The difference of them is thus the power dissipated in the one-port network. 





        
  
  













The value of S11 can be measured by a network analyser. A block diagram of a network 
analyser is shown in Figure 6.2-3. As shown, the ports of the two-port Device Under 
Test (DUT) is connected to the Test ports of the network analyser. If the DUT is a 
one-port device, only the left Test port is connected. The network analyser feeds 
signal to the DUT with the voltage sources VIN-A and VIN-B. To obtain the reflection 
coefficient S11, the Reference Channel is connected to port a1 at the dual directional 
coupler to measure the incident wave from the voltage source VIN-A, and the Test 
Channel is connected to the port b1 to measure the reflected wave from the DUT. S11 
is then calculated using the formula (6.7).  
 
Figure 6.2-3 Block diagram for the network analyser 
Using a network analyser (or a test set similar to a network analyser) to measure the 
reflection coefficient S11, the changes in the power receiver coil load impedance can 
theoretically be detected as the power dissipated in the whole system changes. A 
theoretical model will be built in Section 6.3 to explain the concept in detail.  
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6.3 Models for wireless signal transfer 
Key aims of the section 
• To minimise the power consumption for data transfer, a single-link LSK 
modulation scheme (introduced in Section 1.2.2.1) is a preferable option. 
• Two circuit models are developed based on the full WPT system. The aim of 
the model analysis is to find out the relation between the change of S11 at the 
power source and the change of impedance in the power receiver. 
• The first model is for the case with no impedance matching network between 
the coupling coil and the power source. The second model is for the case with 
an impedance matching network between the coupling coil and the power 
source. 
6.3.1 The circuit model with no impedance matching network between the coupling 
coil and the power source 
To find out the effect of changes in the power receiver on the S11 at the voltage source, 
the circuit model in Figure 5.1-2 is simplified and becomes as shown in Figure 6.3-1.  
 
Symbol Name Symbol Name 
RSource 
The output impedance of 
the voltage source 
LCouple 
The self-inductance of the coupling 
coil 
Ltune 
The tuning inductor at the 
primary coil circuit 
LPrimary 
The self-inductance of the primary 
coil 
CCouple 
The tuning capacitor at the 
primary coil circuit 
CPrimary 
The tuning capacitor at the primary 
coil circuit 
RCouple 
The AC resistance of the 
coupling coil 
M1 
The mutual inductance between the 
coupling coil and the primary coil 
RPrimary 
The AC resistance of the 
primary coil 
M2 
The mutual inductance between the 
primary coil and the receiver coil 
LRx 
The self-inductance of the 
receiver coil 
CRx 
The capacitance at the receiver coil 
circuit for resonance 
RRx 
The AC resistance of the 
receiver coil 
VIN 
The voltage source 
Figure 6.3-1 Circuit diagram of the wireless power transfer system including the 
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Because of the impedance matching network at the power receiver, the power 
receiver coil circuit can be simplified by replacing the rectifier and the load with the 
complex conjugate of the power receiver coil impedance. Because the power receiver 
coil inductance LRX and capacitance CRX are resonating, the power receiver coil 
impedance becomes the AC resistance RRX of the power receiver coil. For simplicity, 
the equivalent resistance of the rectifier and load becomes the same as RRX. It should 
be noted that the impedance matching network at the power receiver coil circuit is 
designed to match the impedance of the rectifier and load when the rectifier is in the 
on-state. Therefore, when the rectifier is in the off-state, the impedance of the rectifier 
and load will become infinite, which will increase the output impedance of the power 
receiver coil greatly and detune the power receiver coil. Therefore, the received power 
of the power receiver will be much less than power in the on-state. 
The mutual inductance between the primary coil and the power receiver coil is M2. 
The mutual inductance between the coupling coil and the power receiver coil is 
negligible due to the long distance between the coupling coil and the power receiver 
coil as well as the difference in the number of turns between the coupling coil and the 
primary coil.  
In order to find the effect of change in the power receiver load impedance RRx on the 
voltage source VIN, the primary coil circuit and the power receiver coil circuit need to 
be combined with the coupling coil circuit.  
To simplify the analysis, the bidirectional reflectance impedance analysis is used, 
which has been discussed in Section 3.1.2. Here, the power receiver coil impedance 
is reflected to the primary coil circuit first, as shown in the left of Figure 6.3-2. A similar 
step is taken to reflect the impedance of the primary coil to the coupling coil circuit, 
which leads to the circuit in the right of Figure 6.3-2 
    
Figure 6.3-2 (Left) equivalent circuit of the wireless power transfer system with the 
impedance of the power receiver coil circuit reflected to the primary coil circuit; 
(right) equivalent circuit of the wireless power transfer system with the impedance of 
the primary coil circuit reflected to the coupling coil circuit 
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• RRX is the power receiver coil AC resistance 
• ω is the angular operational frequency 
• M2 is the mutual inductance between the primary coil and the power receiver 
coil 
Because the primary coil inductance LPrimary and capacitance CPrimary are in resonance, 
the impedance of the primary coil equals to its AC resistance RPrimary. According to 
[193] and [194], the reflected impedance of the primary coil in the coupling coil circuit 






M1 is the optimum mutual impedance between the coupling coil and the primary coil. 
From (3.7) as discussed in Section 3.1.2, 
 
𝑀1 =
√(𝑅𝑆𝑜𝑢𝑟𝑐𝑒 + 𝑅𝐶𝑜𝑢𝑝𝑙𝑒)(𝑅𝑃𝑟𝑖𝑚𝑎𝑟𝑦 + 𝑅′𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟)
𝜔
 (6.11) 








= 𝑅𝑆𝑜𝑢𝑟𝑐𝑒 + 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 
(6.12) 
The output power of the voltage source (also the total dissipated power in the wireless 
power transfer system) can thus be calculated. From (6.12), when the power receiver 
rectifier is in the on-state, based on the circuit on the right of Figure 6.3-2, the total 
dissipated power P1 can be calculate as, 
 𝑃1 =
𝑉𝐼𝑁2





When the power receiver rectifier is in the off-state, the power receiver is detuned and 
the impedance of the power receiver becomes much higher, the equivalent 
impedance R’Receiver is thus negligible. From (6.12),  











𝑅𝑆𝑜𝑢𝑟𝑐𝑒 + 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑅′𝑃𝑟𝑖
=
𝑉𝐼𝑁2































By combining (6.16) (6.17) and (6.18), the ratio of the off-state-receiver reflection 








2 + 𝐺1 (6.19) 




) = 10𝑙𝑜𝑔 (
1 − 𝐺1
|𝑆11|1
2 + 𝐺1) (6.20) 
The difference in the reflection coefficient |S11| caused by the change of the power 
receiver impedance can thus be calculated when the coupling coil has no impedance 
matching circuit.  
6.3.2 The circuit model with an impedance matching circuit at the coupling coil  
When the coupling coil circuit has an impedance matching circuit such as the one in 
the upper graph of Figure 6.3-3, the model must be modified. 
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Figure 6.3-3 Equivalent circuits of the wireless power transfer system with an L-
section impedance matching circuit; (left) the impedance of the primary coil circuit 
reflected to the coupling coil circuit; (right) the impedance at the output terminal of 
the impedance matching circuit converted to its input terminal 
Here in Figure 6.3-3, the primary coil and the power receiver coil have already been 
reflected to the coupling coil. However, the equivalent impedance R’Pri&RX of the 
primary coil at the coupling coil is different from the one mentioned in Section 6.3.1. 






















From (6.26) and (2.64), the total impedance on the output terminal of the impedance 
matching circuit is 
 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑅′𝑃𝑟𝑖&𝑅𝑋 = 2𝑅𝐶𝑜𝑢𝑝𝑙𝑒 (6.24) 
When the power receiver rectifier is in the on-state, the input impedance of the 
impedance matching network at the coupling coil matches the output impedance of 
the network, the equivalent impedance of the matching network and the output 
impedance of the network is equal to the input impedance of the network, which is the 
source impedance RSource. 
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Based on the circuit on the right of Figure 6.3-3, the output power of the voltage source 
P1 (also the total dissipated power of the wireless power transfer system) for the on-





From (2.90), in a reverse L-section matching network, 𝑅𝐶𝑜𝑢𝑝𝑙𝑒 and 𝑅𝑆𝑜𝑢𝑟𝑐𝑒 have the 
following relation  
 𝑄 = √
𝑅𝐶𝑜𝑢𝑝𝑙𝑒 + 𝑅′𝑃𝑟𝑖&𝑅𝑋
𝑅𝑆𝑜𝑢𝑟𝑐𝑒
− 1 (6.26) 
where Q is the quality factor of the impedance matching network at the coupling coil. 




(1 + 𝑄2) (6.27) 
When the power receiver rectifier is in the off-state, with (6.14) and (6.26), the total 






























where R`Receiver is the impedance of power receiver reflected to the primary coil and 
can be calculated from (6.9). 
Because when the power receiver rectifier is in the on-state, the source impedance 
RSource is fully matched by the impedance matching network, the reflection coefficient 







=0S ) (6.30) 
When the power receiver rectifier is in the off-state, the total dissipated power P2 is 









Therefore, by combining (6.30) and (6.31), the off-state reflection coefficient |S11|2 can 
be calculated as, 
 |𝑆11|2 = √1 − 𝐺2 (6.32) 
or the log form, 
 20𝑙𝑜𝑔(|𝑆11|2) = 10𝑙𝑜𝑔(1 − 𝐺2) (6.33) 
Therefore, with the impedance matching network at the coupling circuit, the off-state 
reflection coefficient |S11|2 is dependent only on the ratio of the equivalent power 
receiver coil impedance at the primary coil R’Receiver and the primary coil AC resistance 
RPrimary.  
In summary, it is shown that the changes in the power receiver impedance can be 
detected by the change of reflection coefficient at the source of the wireless power 
transfer system. If there is no impedance matching network at the coupling coil circuit, 





) = 10𝑙𝑜𝑔 (
1 − 𝐺1
|𝑆11|1
2 + 𝐺1) (6.20) 













If there is an impedance matching network at the coupling coil circuit, the changes in 
the power receiver impedance is directly linked to |S11|, where 
 20𝑙𝑜𝑔(|𝑆11|2) = 10𝑙𝑜𝑔(1 − 𝐺2) (6.33) 













The ratio G2 is less than the ratio G1 for the same value of R’Receiver and RPrimary. More 
detailed analysis of the wireless signal transfer models will be given in Section 6.4. 
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6.4 Analysis of wireless signal transfer model 
Key aims of this section 
• The parameters used in the calculation of the models will be introduced. 
• The |S11| ratio will be the figure of merit (FOM) to analyse the performance of 
the no-impedance-matching case, and the magnitude of off-state |S11| will be 
the FOM of the performance of the with-impedance-matching case. 
• The FOMs will be analysed in a range of transfer distance (0 m to 20 cm), in 
two media (conductive human-tissue and air) and with two representative 
numbers of power receiver turns (100 and 200). 
• The |S11| ratio will also be analysed in different on-state |S11|s. 
6.4.1 Model parameters 
As discussed in Section 6.3, to find out the |S11| (with impedance matching in the 
coupling coil circuit) or the ratio of |S11|s (with no impedance matching in the coupling 
coil circuit) due to the impedance change in the power receiver, it is necessary to 
obtain the value of primary coil AC resistance RPrimary and the value of the equivalent 
resistance of the power receiver coil at the primary coil R’Receiver. As discussed in 
Section 2.3.3.4, the primary coil AC resistance RPrimary and the AC resistance of the 
power receiver coil RRX can be calculated given the dimensional parameters of the 
primary coil. The value of power receiver coil equivalent resistance R’Receiver, however, 
is also dependent on the mutual inductance between the primary coil and the power 
receiver coil. 
According to Electromagnetic Theory [199], as current flows through a coil, a magnetic 
flux is generated. When another coil is nearby, the magnetic flux generated by the 
first coil through the effective area of the second coil. The ratio of the amount of 
magnetic flux through the second coil to the current flowing through the first coil is 





• ΨTX/RX is the magnetic flux generated by the transmitter coil through the power 
receiver coil 
• ITX is the current flowing through the transmitter coil 
The magnetic flux created by one coil and through the other coil is [199] 
 𝛹𝑇𝑋/𝑅𝑋 = ∮𝐵𝑇𝑋/𝑅𝑋(𝐼𝑇𝑋)𝑑𝐴𝑅𝑋 = ∮𝜇𝐻𝑇𝑋/𝑅𝑋(𝐼𝑇𝑋)𝑑𝐴𝑅𝑋 (6.35) 
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Assuming that magnetic field is uniform at the effective area of the power receiver coil 
and through the coil, the magnetic flux expression (6.23) can be simplified as 
 𝛹𝑇𝑋/𝑅𝑋 = 𝜇𝐻𝑇𝑋/𝑅𝑋(𝐼𝑇𝑋)𝑁𝑅𝑋𝐴𝑅𝑋 (6.36) 






As discussed in Section 3.1.3 and Section 3.3.4, the magnetic field generated by the 
primary coil of the wireless power transfer system at the power receiver, with 
consideration of the non-uniformity of field strength along the axis of power receiver 
coil, can be calculated as 





























𝑒−𝛼∙ℎ𝑁𝑃𝑟𝑖  (6.38) 
By combining (6.37) and (6.38), the mutual inductance between the primary coil and 
the power receiver coil is thus calculated as 

































𝑒−𝛼∙ℎ𝑁𝑃𝑟𝑖  (6.39) 
With the mutual inductance available for calculation, |S11| (with impedance matching 
in the coupling coil circuit) or the ratio |S11|2/|S11|1 (with no impedance matching in the 
coupling coil circuit) due to the change in the power receiver can be calculated. In the 
following analysis, the parameters of the transmitter coils (the coupling coil and the 
primary coil) and the power receiver coil are chosen as in Table 6.4-1.  
The ratio |S11|2/|S11|1 and magnitude |S11| due to change of power receiver will be 
analysed against the transfer distance, which will give a prediction on the performance 





















Symbol p (mm) D (cm) N 
dwire 
(mm) 
μ`r μ``r f (MHz) Dis (cm) 
Primary 
coil 







0.1 80 5 
Table 6.4-1 Parameter values for the wireless power transfer system 
6.4.2 Analysis of the model with no impedance matching at the coupling coil 
6.4.2.1 The calculated ratio |S11|2/|S11|1 in different numbers of turns and different media 
The calculated ratios |S11|2/|S11|1 in dB against transfer distance are shown in Figure 
6.4-1 in two different transfer media (air and conductive human-tissue) and with two 
different numbers of turns (100 and 200). In the figure, the more negative the value 
is, the larger the ratio will be. 
 
Figure 6.4-1 Calculated ratio (|S11|1/ |S11|2) in dB with |S11|1 of on-state receiver and 
|S11|2 of off-state receiver in a range of transfer distance from 0 m to 0.2 m with the 
chosen parameters of the transmitter coils and the receiver coil with no impedance 
matching at the coupling coil circuit; the magnitude of |S11|1 is 0.5. (Dash lines) the 
whole transfer path with conductive human-tissues; (solid lines) the whole transfer 
path in air or non-conductive human-tissues. 
As shown, for the same media and same number of turns, |S11|1/|S11|2 increases when 
the transfer distance decreases. This is because, at a shorter distance, the magnetic 
field strength generated by the primary coil is higher, resulting in a higher mutual 
inductance between the power receiver coil and the primary coil. The difference in the 
dissipated power between the on-state-receiver case and the off-state-receiver case 
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will thus become larger, and the ratio of the dissipated powers G1 will thus become 
smaller. According to equation (6.20), |S11|1/|S11|2 will thus become higher.  
In terms of transfer media, |S11|1/|S11|2 is higher when the medium is air. This is because 
the magnetic field generated by the primary coil is attenuated in conductive media, 
which is discussed in Section 2.3.4.2. It should be noted that the calculation of 
conductive human-tissue is an extreme case because it is assumed that the whole 
transfer path is filled with conductive human-tissue, which is usually not the case. 
Therefore, in reality, |S11|1/|S11|2 will be between the air-line and the human-tissue-line 
with the same number of turns.  
In terms of the number of turns, it shows that a higher number of turns of the power 
receiver coil causes a higher |S11|1/|S11|2. This is because the number of turns of the 
power receiver coil is proportional to the mutual inductance between the primary coil 
and the power receiver coil, which is shown in equation (6.39).  
The calculated |S11|1/|S11|2 at transfer distances 20 cm and 10 cm are shown in Table 
6.4-2. It shows that at 20 cm, a 0.4% to 2% change in |S11| can be detected by the 
network analyser when the power receiver rectifier changes its state when the power 
receiver coil has 200 turns. When the transfer distance becomes shorter, the 
percentage increases. At 10 cm transfer distance, a 10.2% to 20.6% change in |S11| 























Signal level at 20 cm 
(dB) 
-37.0 -51.5 -41.0 -55.5 











Signal level at 10 cm 
(dB) 
-16.3 -22.7 -19.3 -26.0 
Table 6.4-2 Calculated ratio (|S11|1/|S11|2) in dB for different media and number of 
turns at 20 cm transfe distance and 10 cm transfer distance for coupling coil circuits 
with no impedance matching. The percentage number in the bracket is the 
calculated ratio of the |S11| ratio in dB over the |S11|1 dB value, which is equal to 
20log10(0.5)=-6.02; the signal level is equal to the dB value of (|S11|2-|S11|1)/|S11|1. 
The calculated dB value of (|S11|2-|S11|1)/ |S11|1 for each case is also listed. This value 
is equivalent to the signal level of the wireless data transfer system. In the system, 
the signal level should be higher than the noise level for signal transmission. As shown, 
in order to detect the change in |S11| at 20 cm with a 200-turn power receiver coil in 
conductive human tissue, the network analyser noise level for the measurement of 
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|S11| should be equal to or lower than -51.5 dB. Otherwise, the signal from the power 
receiver coil cannot be distinguished from the noise. The required noise level is even 
lower for a 100-turn power receiver coil.  
6.4.2.2 The calculated |S11| ratio in different |S11|1 values and different media 
The calculated ratios of |S11|s in dB against transfer distance are shown in Figure 6.4-2 
in two different transfer media (air and conductive human-tissue) and with three 
different |S11|1 magnitudes (0.2, 0.5 and 0.8).  
 
Figure 6.4-2 Calculated ratio (|S11|1/ |S11|2) of the |S11| with the on-state receiver (|S11|1) 
and the |S11| with the off-state receiver (|S11|2) in dB in a range of transfer distance 
from 0 m to 0.2 m with different |S11|1 values with the chosen parameters of the 
transmitter coils and the receiver coil with no impedance matching at the coupling 
coil circuit; the number of turns is 200. (dash lines) the whole transfer path with 
conductive human-tissues; (solid lines) the whole transfer path in air or non-
conductive human-tissues 
As shown, with the same power receiver, the same transfer distance and the same 
transfer media, a smaller on-state-receiver reflection coefficient |S11|1 will result in a 
higher |S11| ratio.  
As discussed in Section 6.3.1, the magnitude of off-state-receiver reflection coefficient 
|S11|2 can be calculated as 




As shown, when the magnitude of |S11|1 approaches 1, the magnitude of |S11|2 will also 
approach 1. This means that if most of the incident power from the power source is 
reflected, the change in the power receiver state will be less noticeable from the 
observation of |S11| values, because little power is received at the power receiver, and 
the on-state received power and off-state received power have little difference in 
values. Therefore, the |S11| ratio will become smaller when |S11|1 approaches 1.  
When |S11|1 decreases and approaches 0, which means the source and the wireless 
power system approaches perfect impedance matching, more power will be received 
by the power receiver, and the change of power receiver state will cause a larger 
difference in the received power. When |S11|1 approaches 0, |S11|2 will approach 
√1 − 𝐺1. As discussed in Section 6.3.1, the value of G1 is only dependent on the 
equivalent impedance of the on-state receiver at the primary coil R’Receiver and the 
primary coil impedance RPrimary, which are independent of the change of power receiver 
state. As |S11|1 approaches 0, the ratio |S11|2/|S11|1 will approach infinity. Therefore, the 
|S11| ratio will become higher when |S11|1 becomes smaller.  
The |S11| ratio at transfer distances 10 cm and 20 cm are shown in Table 6.4-3 with 
the percentage ratios of the |S11| ratio (in dB) over the corresponding |S11|1 dB value 
and the signal level of the wireless data transfer system. As shown, for |S11|1=0.2, a 
1.3% to 6.3% of the change in the dB |S11| can be detected at 20 cm when the power 
receiver changes states with the chosen parameters of the wireless power transfer 
system. The variation of the change is dependent on the composition of media. The 
change in dB |S11| is even greater for shorter transfer distances. For |S11|1=0.8, the 


















|S11| ratio at      














Signal level at 
20 cm (dB) 
-19.4 -33.5 -37.0 -51.5 -51.5 -66.0 
|S11| ratio at      














Signal level at 
10 cm (dB) 
-0.8 -6.2 -16.7 -22.7 -30.3 -37.0 
Table 6.4-3 Calculated ratio (|S11|1/ |S11|2) in dB for different media and different |S11|1 
at 20 cm transfe distance and 10 cm transfer distance for coupling coil circuits with 
no impedance matching. The percentage number in the bracket is the ratio of the 
|S11| ratio in dB over the corresponding |S11|1 dB value; the signal level is equal to the 
dB value of (|S11|2-|S11|1)/ |S11|1. 
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In terms of signal level, a lower |S11|1 has a huge advantage of the required noise level 
than a high |S11|1. As shown, at 20 cm, the signal level for |S11|1=0.2 in full conductive 
human-tissue is -33.5 dB, which is 18 dB higher than the signal level for |S11|1=0.5, and 
32.5 dB higher than the one for |S11|1=0.8. The requirement in the noise level of 
network analyser is thus much less strict for |S11|1=0.2.  
From the above analysis, the magnitude of on-state-receiver reflection coefficient 
|S11|1 is a vital parameter in the performance of the wireless data transfer system. A 
lower |S11|1 will result in a less strict required noise level. Therefore, it is of interest to 
find out the performance of the wireless data transfer system with impedance 
matching at the coupling coil circuit.  
6.4.3 Analysis of the model with impedance matching at the coupling coil circuit 
With an impedance matching network at the coupling coil circuit, the amplitude of the 
on-state-receiver reflection coefficient |S11|1 is 0, and its dB value will be theoretically 
(−∞). In practical case, due to noise, the actual dB value will be around -80 dB. 
Therefore, the performance of the wireless data transfer will be analysed through the 
off-state-receiver reflection coefficient |S11|2. This is actually an advantage because it 
provides a straightforward criterion to assess the high level (1s) and low level (0s) in 
digitised data transmission, given the dimensional parameters of the wireless power 
transfer system. As discussed in Section 6.3.2, the |S11|2 in dB can be calculated as 










|S11|2 in dB at a transfer distance between 0 cm to 20 cm are shown in Figure 6.4-3 in 




Figure 6.4-3 Calculated value of |S11|2 in dB in a range of transfer distance from 0 m 
to 0.2 m with the chosen parameters of the transmitter coils and the receiver coil 
with impedance matching at the coupling coil circuit; (dash lines) the whole transfer 
path with conductive human-tissues; (solid lines) the whole transfer path in air or 
non-conductive human-tissues 
As shown, with the same transfer media and the same number of turns, |S11|2 in dB 
decreases as the transfer distance increases. Because |S11|1 in dB is supposed to be 
minus infinity, a smaller absolute value of |S11|2 in dB means a stronger effect due to 
the change of power receiver state. Therefore, as the transfer distance increases, the 
effect due to the change in the power receiver state is weaker.  
In terms of transfer media, the attenuation effect in conductive human-tissue becomes 
more apparent as the transfer distance increases. In reality, |S11|2 in dB should be 
lying between the air-line and the human-tissue line for the same number of turns 
depending on the composition of transfer media. 
In terms of the number of turns in the power receiver, a higher number of turns 
corresponds to a lower dB value of |S11|1. The reason for this is discussed in Section 












|S11|2 at 20 cm transfer 
distance (dB) 
-23.24 -30.51 -25.25 -32.53 
|S11|2 at 10 cm transfer 
distance (dB) 
-12.34 -15.84 -14.02 -17.56 
Table 6.4-4 Calculated |S11|2 in dB for different media and number of turns at 20 cm 




6.5 Summary of this chapter 
In this chapter, a wireless data transfer scheme is developed based on the wireless 
power transfer system. The data transfer scheme uses the same coils as the wireless 
power transfer system and is suitable for low-speed data transmission (around 1 
byte/second). The data transfer scheme detects the change of received power in the 
power receiver coil circuit by observing the reflection coefficient |S11| at the power 
source. Because the impedance of the power receiver coil circuit when the rectifier is 
in the on-state is much less than the impedance when the rectifier is in the off-state, 
the on-state received power will be much higher than the off-state received power, 
which can be reflected in |S11| at the power source. In practice, the forward power and 
the backward power from the power source of the WPT system will be measured by 
a specially-designed demodulator, which then calculate the |S11| from the 
measurements and demodulate the signal sent from the power receiver. 
Theoretical models are built for two conditions: with and without impedance matching 
at the coupling coil circuit. In both cases, the transfer media and the number of turns 
in the power receiver coil will affect the performance of the data transfer scheme by 
changing the mutual inductance between the primary coil and the power receiver coil. 
In terms of the number of turns, as the mutual inductance is basically the induced 
voltage on the power receiver coil divided by the current at the primary coil, the idea 
to increase of mutual inductance can refer to the analysis of primary coil in Section 
3.2.2 and the analysis of power receiver coil in Section 3.3.4. In terms of transfer 
media, the conductive tissue will lower the signal level of the data transfer scheme by 
attenuation effect of the magnetic field. The effect is stronger when the transfer 
distance becomes longer. 
In the case that the coupling coil circuit has no impedance matching, the |S11| ratio 
between on-state and off-state is dependent on the on-state reflection coefficient |S11|1. 
The analysis shows that a lower |S11|1 will result in a higher |S11| ratio and a less strict 
required noise level. In the case that the coupling coil circuit has impedance matching, 
the off-state reflection coefficient |S11|2 represents the performance of the data transfer 
scheme. Once the parameters of the wireless power transfer system are determined, 
the magnitude of |S11|2 will not change under the same transfer distance and the same 
media, which give a straightforward criterion to assess the high level (1s) and low 
level (0s) in digitised data transmission. 
From the analysis above, it can be concluded that the proposed wireless power 
transfer system is feasible to transfer data with the same set of coils for power transfer 
using the LSK modulation scheme and the basic idea of network analyser at a transfer 
distance up to 20 cm. The sensitivity of data transfer is essentially determined by the 
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ratio between the power receiver input power and the source output power at the 
transmitter. The higher the ratio is (i.e. more power receiver input power for the same 
source output power), the higher the sensitivity will be. For the proposed WPT system 
with optimum transmitter parameters, the data transfer sensitivity is affected by four 
factors:  
• the impedance matching between the source (including the signal generator 
and the power amplifier) and the coupling coil  
• the transfer distances  
• the power attenuation in transfer media 
• the dimensional parameter of the power receiver, e.g. number of turns, coil 
diameter  
Therefore, to achieve a high data transfer sensitivity, we can improve the impedance 
matching between the source and the coupling coil, shorten the transfer distance, find 
an alternative path of power transfer with lower power attenuation, or increase the 
power receiver number of turns (if the power receiver diameter is fixed).   
For the IMPACT sensors, which have fixed positions inside the body of patients and 
a fixed power receiver diameter (2 mm), a good impedance matching and a high 
number of turns of power receiver coils are the keys to achieving a high sensitivity of 
data transfer. As discussed in Section 6.4.2.2, the predicted dB value of |S11| ratio 
(|S11|1/ |S11|2) for |S11|1=0.2 when NRX =200 is between -0.18 dB and -0.89 dB, which can 
be detected by state-of-the-art network analysers in a low noise environment. As 
discussed in Section 6.4.3, the predicted value of |S11|2 in the perfect match condition 
(|S11|1=0) at 20 cm transfer distance when NRX =200 is between -30.51 dB and -23.24 
dB, which is in the measurable range of state-of-the-art network analysers. Therefore, 
the transferred signals of the proposed WPT system can be detected by external 
devices at 20 cm transfer distance. From the above analysis, it can be preliminarily 
concluded that the LSK modulation scheme of the proposed WPT system can meet 
the data transfer distance requirement of the IMPACT sensors. In terms of data rate, 
according to the works of literature in Section 1.2.2.1, the state-of-the-art LSK 
modulation schemes can achieve a data rate more than 1 Mbps, which can meet the 
requirement of the IMPACT sensor system. In future studies, a practical WPT system 
with data transfer will be developed based on the proposed model of the system, 





Chapter 7 Conclusion 
7.1 Summary  
This project set out to examine the hypothesis that: 
To examine the hypothesis, the following works have been done: 
In Chapter 1 
• Two suitable wireless data transfer schemes for micro-implants have been 
reviewed and discussed, which are the single-carrier scheme and the multiple-
carrier scheme. The single-carrier scheme, which applies the LSK modulation, 
is more suitable for the proposed WPT system, because of its lower power 
consumption of data transfer at the required data rate (at least 1 byte/second). 
• Different kinds of wireless power transfer options have been reviewed and 
discussed, including magnetic coupling resonance, ultrasonic wave power, 
EM radiation, etc. The magnetic coupling resonance WPT is chosen because 
of its relatively long transfer distance (up to 20 cm) and low radiation exposure 
risk. 
• Different rectifier structures commonly used in the receiver of WPT systems 
have been reviewed and discussed, including junction-diode rectifiers, basic 
bootstrapping rectifiers and comparator-based rectifiers. The bootstrapping 
structure is chosen in this thesis for further discussion because of its low 
forward voltage drop (<0.7 V) and low control power loss compared with the 
comparator-based rectifier. 
In Chapter 2 
• The basic laws and theories behind the magnetic coupling resonance wireless 
power transfer system are discussed, including the Biot-Savart law and the 
 araday’s law. 
• Power of more than 1 mW can be received by the microsystem inside 
a human body through a wireless magnetic coupling link with the 
receiver diameter less than 2 mm at a transfer distance as much as 
20 cm.  
• Data can be transmitted wirelessly from the microsystem to an 
external reader using the same magnetic coupling link as the 
wireless power system.  
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• The factors that affect the performance of the WPT system are discussed, 
including L-C resonant circuits, impedance matching circuits, the inductor AC 
resistance, self-capacitance and SRF, and the properties of high-frequency 
EM fields and waves in the air and media. 
In Chapter 3 
• An analytical model of solenoid transmitter coils is built to calculate the 
magnetic field strength generated by the proposed WPT system based on the 
dimensional parameters of the coils. The transmitter mainly utilises a power 
source, an impedance matching network, a coupling coil circuit and a primary 
coil circuit. The idea of the model is to maximise the primary coil current by 
matching the impedance of the coupling coil circuit and the primary coil circuit 
through the adjustment of the mutual inductance between the coils; and by 
matching the power source impedance and the coupling coil circuit through 
the adjustment of the impedance matching circuit. The calculation results of 
the model are in good agreement with the experimental results. 
• The co-dependencies between the dimensional parameters of the solenoid 
coils are discussed. With the co-dependencies, a design flow to obtain the 
optimum dimensional parameters of the solenoid transmitter is presented 
based on the operational frequency and the target transfer distance. Some 
examples of optimum dimensional parameters are shown for target transfer 
distances of 4 cm, 8 cm, 12 cm, 16 cm and 20 cm. 
• Analytical models of solenoid receiver coils (ferrite-core and air-core) are built 
to calculate the induced voltage and received power for the proposed WPT 
system based on the dimensional parameters of the receiver coil and the 
magnetic field strength from the transmitter coil. The receiver utilises a 
receiver coil, an impedance matching circuit, a rectifier and load. The received 
power is maximised by matching the receiver coil impedance and the rectifier 
input impedance. 
• The induced voltages and the received power of the ferrite-core receiver and 
the air-core receiver with 2 mm diameter are calculated in different numbers 
of turns, gap intervals and wire widths, with the magnetic field strength from 
the optimum transmitter at 20 cm transfer distance. Results show that the 
ferrite-core receiver has much better performances than the air-core receiver 
with the same dimensional parameters. A design flow of the ferrite-core 
solenoid receiver is also presented. 
In Chapter 4 
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• The performance of different kinds of rectifiers suitable for the implanted 
receivers are discussed and compared in two different load conditions. 
• The performance of the practical basic bootstrapping rectifier is tested on 
integrated chips. Experimental results show that the PCE and VCR of the 
rectifier are in good agreement with the simulation results. 
• A novel static switch gate-control rectifier (improved static BSR) and a 
OCDGC rectifier based on the bootstrapping structure for the proposed 
wireless power transfer system are introduced and analysed. Results show 
that the proposed rectifiers can operate at high efficiencies at the target input 
voltages and load conditions. 
In Chapter 5 
• A circuit model for the full proposed wireless power transfer system including 
the optimum transmitters, the ferrite-core receivers and the proposed rectifiers 
is built. This model considers the receiver coil as a non-ideal voltage source 
with a non-zero source impedance, which is related to the mutual inductance 
between the primary coil and the receiver coil and the impedances of the 
primary coil and coupling coil. The impedance matching circuit at the receiver 
thus matches the total receiver coil impedance and the rectifier input 
impedance. 
• The rectifier input voltage is calculated in a range of rectifier input resistance 
based on the full model with a 20 cm transfer distance and a 2 mm-diameter 
receiver coil. The PDL of the system is analysed and presented with a 
consideration of rectifier efficiencies at the corresponding input voltages and 
load conditions. 
In Chapter 6 
• A mathematical model for data transfer sensitivity prediction is developed 
based on LSK modulation for the data transfer using the same sets of coils in 
the proposed wireless power transfer system. The model uses the idea of 
network analysers and compares the reflection coefficients at the power 
source of the proposed system in two receiver states (on and off) to distinguish 
digital “1” and “ ”.  epending on the presence of the impedance matching 
circuit at the coupling coil circuit, the model uses different figure of merits to 
assess the data transfer sensitivity. With the impedance matching circuit, the 
FOM is the |S11| values at off-state of the receiver (at on-state, |S11| is 0). 
Without the impedance matching circuit, the FOM is the ratio of |S11| values 
between the on-state and off-state of the receiver. 
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• The data transfer sensitivity of the proposed wireless power and data transfer 
system has been assessed with a transfer distance of 20 cm and a 2 mm-
diameter receiver in the air and conductive human tissues. The required signal 
levels of the network analyser at the power source are presented for different 





As summarised, it is shown that the hypothesis put forward in this thesis is feasible. 
In other words, the concept has been proved as follows: 
• With the proposed wireless power system, using a solenoid transmitter with 
optimum parameters and a receiver coil of a diameter of 2 mm, more than 
1mW electrical power can be received by the load through human tissue at a 
transfer distance of 20 cm, if the human tissue mainly consists of skin, muscle 
and fat, which are less conductive. The turns of receiver coil can vary from 
100 to 250, which is under the length limit. In fact, up to 3.8 mW can be 
received by the implant in air or non-conductive tissues when 𝑁𝑅𝑋=250. This 
power will be sufficient for micro-implants for medical use. If the human tissue 
consists mainly of conductive tissues, however, the power delivered to the 
implants can be lower than the requirement. Therefore, the selection of 
transfer path is extremely vital for the operation of the proposed WPT system. 
Overall, with the proposed wireless power system, the electronic medical 
implants at the mm scale, such as the ones developed by the IMPACT 
program [66], will be able to operate deep inside the body of patients without 
wires going into the body. In this way, the risk of infection will be reduced, and 
the patient’s everyday life will not be affected. 
 
• With the limited power budget (1mW) and the requirement for high efficiency, 
two novel rectifiers are specially designed for the proposed WPT system. The 
proposed OCDGC bootstrapping rectifier will be able to operate at an 
efficiency of over 80% with a 5 kΩ-load condition with a VCR of more than 0.75 
for an input voltage ranging from 1.5 V to 5 V. For input voltages between 1 V 
and 1.5 V, a practical static gate-control bootstrapping rectifier has been 
proposed with an efficiency of up to 60% for a 5 kΩ-load and over 90% for a 
500 Ω-load. These rectifiers will be able to convert the received power from 
AC to DC efficiently at the receiver with a low power budget. However, it 
should be noted that, while the static gate-control bootstrapping rectifier will 
be able to operate at more than 50 MHz, the OCDGC bootstrapping rectifier 
will only be able to work up to 10 MHz due to the frequency limitation of the 
opto-coupler units. Moreover, the opto-coupler units may not be able to 
integrate with the rest of the receiver circuits, which could increase the overall 
size of the receiver system. In wireless powered micro-implant applications, 
the proposed rectifiers will be able to operate at high efficiency at a wide range 
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of load and input voltage conditions. For special implants, such as the ones 
developed by the IMPACT program [66], data will also be transferred from the 
receiver to the transmitter. In this case, the gate voltage of the main-path 
PMOSs of the rectifier can be controlled to switch the power on/off to achieve 
the function of ASK. Therefore, no extra switching component is needed, 
which will save the space on the integrated circuit and improve the power 
efficiency during data transmission. 
 
• The proposed wireless data transfer scheme is based on the idea that a 
change in the impedance of the receiver coil can be detected by an amplitude 
shift of the reflection coefficient |S11| at the power source. This data transfer 
method has been well studied, but no research has investigated the capability 
of the method for a 2-mm implant at a 20 cm transfer distance with the 
proposed WPT system. The analysis shows that, with the optimised 
transmitter structure and a properly designed receiver, a change in |S11| can 
be detected at a 20 cm transfer distance when the noise level of the network 
analyser is below the corresponding signal level. For example, for a 200-turn 
receiver with a diameter of 2 mm, the noise level of the network analyser 
should be no higher than -30.5 dB (with respect to the fully reflected situation 
where |S11|=1) to detect the impedance change at the receiver. This shows 
that data can be transferred, using the same coils as the power delivery for a 
transfer distance of up to 20 cm. In practice, the forward power and the 
backward power from the power source of the WPT system will be measured 
by a specially designed demodulator, which then calculate the |S11| from the 
measurements and demodulate the signal sent from the power receiver. To 
achieve a high data transfer sensitivity, we can improve the impedance 
matching between the source and the coupling coil, shorten the transfer 
distance, find an alternative path of power transfer with lower power 
attenuation, or increase the receiver number of turns (if receiver diameter is 
fixed). However, the speed for data transfer is limited to 1Mbyte/second due 
to the limitation of operational frequency. For wireless powered implants that 
only require a low data rate, such as the ones developed by the IMPACT 
program, this speed of data transfer is acceptable, as relatively small amounts 
of data will be transmitted.  
However, the proof has not been extended to address the shortcomings expressed 
above, and to address the following issues: 
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• For micro-implants in lungs and other organs where the water density is high, 
the generated magnetic field may be attenuated by a further factor of two. A 
higher input power will be needed for the receiver to operate. The increase of 
magnetic field strength may exceed the SAR limit and cause a temperature 
rise on patients, which is potentially a hazard. 
• For patients with large body sizes, the implants may be so deep inside the 
body that the transfer distance will be over 20 cm. In this case, the amount of 
delivered power may not be able to meet the requirement of the load in the 
receiver. The data will also not be able to transfer.  
• In the thesis, the discussions are based on the setting that the direction of the 
receiver coil is coaxial to the transmitter. In the actual application, this may not 
always be happening. The effect of misalignment between the transmitter and 
receiver at this range of transfer distance has not been investigated in terms 
of power and data transfer. This can be solved in theory by using multiple coils 
in different directions and positions. However, the analysis of multiple coils on 
power transfer and data transmission is beyond the scope of this thesis. 
• Even though it is proved that a change in the amplitude shift can be observed 
for a single magnetic coupling link with the proposed wireless power transfer 
system, it is still far away from being used in the actual application. The 
limitation of data transfer speed (1Mbyte/second) is also a restriction for some 
applications.  
Therefore, before this set of techniques can be used in the proposed application, more 




7.3 Further Work 
• Misalignment analysis 
In this work, the analysis of power transfer is assumed that the primary coil and the 
receiver coil are in coaxial. In the actual application, the coils will not be able to align 
perfectly all the time. It can be expected that the induced voltage and the received 
power at the receiver coil will be reduced by misalignments. In the future works, the 
effect of angular and lateral misalignments between the primary coil and the receiver 
coil on long transfer distances (up to 20 cm) and the limits of tolerable amounts of 
misalignment is necessary to find out. 
• Multi-transmitter coil analysis with power and data transfer 
To compensate the reduction of received power at the receiver coil caused by the 
misalignments, multiple transmitter coils in different positions can be used. In the 
future works, the interference between transmitter coils of different sizes and positions 
on power and data transfer for long transfer distances (up to 20 cm) will be studied. 
The optimum number of transmitter coils and their optimum relative positions to 
provide the maximum power to an implant will be found out. 
• Experiment analysis of the improved static BSR rectifier and the OCDGC 
rectifier 
Due to limitation of resources, the improved static BSR rectifier and the OCDGC 
rectifier were unable to be tested on chips to compare the simulation results and 
experimental results. In future works, these rectifier circuits will be fabricated on chips, 
and their performance will be analysed with experiments. 
• Implementation of the data transfer system 
In this work, the sensitivity of data transfer is calculated with the proposed WPT 
system. In future works, a data transfer system will be developed, where the implants’ 
data are digitised by an on-chip system to control the switches in the rectifier with a 






A1.  Picture of experiment devices 
 
 









Network analyser HP8753C (300KHz to 3Gz) and the S-parameter test set HP 
85046A 
 




FeelTech FY3200S dual channel arbitrary function signal generator/counter 
 




A2.  Self-capacitance and SRF prediction 
 
Experiment data of apparent velocity factor for air-cored solenoids at the first SRF, 
including  rude’s data [178]   WK data and Ale ’s data [174].These data is used to 




Comparison of experiment datas with the empirical formula for apparent velocity 
factor  T ’//C  , which involves the modelling of axial field capacitance, long-coil 
correction and pitch-angle correction. This figure is obtained from [174]. 
 
Ollendorff’s function (radial velocity factor) against relative frequency for various coil 
length/ coil diameter, from 0.2 to 50. This function implies that the velocity factor 





Medhurst’s data for solenoid coil capacitance/ coil diameter against coil length/ coil 
diameter, with approximation formulas to calculate capacitance/ coil diameter. This 




A3.  Proximity factor for AC resistance calculation 
p/d→ 
l/D↓ 
1 1.111 1.25 1.429 1.667 2 2.5 3.333 5 10 
0 5.31 3.73 2.74 2.12 1.74 1.44 1.20 1.16 1.07 1.02 
0.2 5.45 3.84 2.83 2.20 1.77 1.48 1.29 1.19 1.08 1.02 
0.4 5.65 3.99 2.97 2.28 1.83 1.54 1.33 1.21 1.08 1.03 
0.6 5.80 4.11 3.10 2.38 1.89 1.60 1.38 1.22 1.10 1.03 
0.8 5.80 4.17 3.20 2.44 1.92 1.64 1.42 1.23 1.10 1.03 
1 5.55 4.10 3.17 2.47 1.94 1.67 1.45 1.24 1.10 1.03 
2 4.10 3.36 2.74 2.32 1.98 1.74 1.50 1.28 1.13 1.04 
4 3.54 3.05 2.60 2.27 2.01 1.78 1.54 1.32 1.15 1.04 
6 3.31 2.92 2.60 2.29 2.03 1.80 1.56 1.34 1.16 1.04 
8 3.20 2.90 2.62 2.34 2.08 1.81 1.57 1.34 1.165 1.04 
10 3.23 2.93 2.65 2.27 2.10 1.83 1.58 1.35 1.17 1.04 
∞ 3.41 3.11 2.815 2.51 2.22 1.93 1.65 1.395 1.19 1.05 
Ratio of solenoid coil AC resistance to the AC resistance of the straightened wire in 
the while-colour cells from Medhurst’s paper [177], with calculation results for long 
coils and wide spaced coils in the coloured cells from DWK [185]. The data can be 
used to predict solenoid coil AC resistance within 3% error when the operational 
frequency is lower than the SRF and the skin depth is less than 1/10 of the wire 
diameter. An end correction is needed to calculate AC resistance of coils with 
number of turns less than 30. p/d is the gap interval/ wire diameter ratio; l/D is the 




A4.  OCDGC rectifier operation process 
𝑁𝑜. 𝑉𝐼𝑁/V 𝑉𝑂𝑈𝑇/V 
𝐷1,𝐷2,𝑀2
, 𝑉𝐶1, 𝑉𝐶2  
𝑉𝑔𝑀1/
V 




















































0V 𝑖𝑅𝐿𝑂𝐴𝐷>0, rises; 𝑖𝐶𝐿𝑂𝐴𝐷>0, 
rises; 𝑖𝑀1>0, rises; 




















𝑖𝑅𝐿𝑂𝐴𝐷>0, rises; 𝑖𝐶𝐿𝑂𝐴𝐷>0, 











































𝑉𝑂𝑈𝑇 𝑖𝑀1=0; 𝑖𝑅𝐿𝑂𝐴𝐷=|𝑖𝐶𝐿𝑂𝐴𝐷|>0, 
drops; 𝑖𝐶𝐿𝑂𝐴𝐷<0 

















A5.  Rectifier performance 
(1) Diode_connected PMOS rectifier 
 
Waveform of the current through the diode-connected PMOS of the diode-





(2) PMOS Pa12_g5a_nbl_mr_mac 
 
V-I characteristic of the PMOS Pa12_g5a_nbl_mr_mac, 𝐼𝑠𝑑 against 𝑉𝑠𝑑 (0-5V) with 
varying 𝑉𝑠𝑔 (0.5V blue, 1V red, 1.5V yellow, 2V pruple) 
 
Threshold voltage 𝑉𝑡ℎ against 𝑉𝑠𝑏 (0 to 3V) of the PMOS Pa12_g5a_nbl_mr_mac in 
different number of fingers. (Red) number of fingers is 4, and multiplier is 8; (Blue) 
number of fingers is 2, and multiplier is 8. 
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(3) Basic BSR 
 
Waveform of current through the switch PMOS M1 of the basic BSR for peak input 
voltages from 1V to 5V at the light load condition 
 
Waveform of current through the switch PMOS M1 of the basic BSR for peak input 
voltages from 1V to 5V at the heavy load condition 
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(4) Improved Static BSR 
 
Waveform of current through the switch PMOS M1 of the improved static BSR for 
peak input voltages from 1V to 5V at the light load condition 
 
 Waveform of current through the switch PMOS M1 of the improved static BSR for 




(5) OCDGC rectifier 
 
Waveform of the current through the switch PMOS M1 of the OCDGC rectifier for 
peak input voltages from 1V to 5V at the light load condition. No backward current 




A6.  Rectifier measurement result 
Load line f=8000kHz VIN(p-p)=5V 







1.2 0.92 400 
1.2 0.94 390 
1.22 0.96 380 
1.22 0.96 370 
1.22 0.98 360 
1.24 1 350 
1.24 1 340 
1.26 1.02 330 
1.26 1.04 320 
1.28 1.06 310 
1.28 1.08 300 
1.28 1.08 290 
1.3 1.1 280 
1.32 1.12 270 
1.32 1.12 260 
1.34 1.14 250 
1.34 1.16 240 
1.36 1.18 230 
1.38 1.2 220 
1.38 1.2 210 
1.4 1.24 200 
1.4 1.24 190 
1.42 1.26 180 
1.44 1.28 170 
1.44 1.3 160 
1.46 1.32 150 
1.48 1.32 140 
1.48 1.36 130 
1.5 1.36 120 
1.52 1.4 110 





Load line f=8000kHz VIN(p-p)=5V 







1.2 0.88 410 
1.2 0.9 400 
1.2 0.9 390 
1.22 0.92 380 
1.22 0.94 370 
1.24 0.96 360 
1.24 0.96 350 
1.24 0.98 340 
1.24 1 330 
1.28 1.02 320 
1.28 1.02 310 
1.28 1.04 300 
1.3 1.06 290 
1.3 1.08 280 
1.32 1.1 270 
1.32 1.1 260 
1.34 1.12 250 
1.36 1.14 240 
1.36 1.16 230 
1.38 1.18 220 
1.38 1.2 210 
1.4 1.2 200 
1.4 1.22 190 
1.42 1.24 180 
1.42 1.26 170 
1.44 1.28 160 
1.44 1.3 150 
1.46 1.32 140 
1.48 1.34 130 
1.48 1.36 120 
1.5 1.38 110 





Load line f=8000kHz VIN(p-p)=6V 







1.55 1.2 520 
1.55 1.2 510 
1.55 1.2 500 
1.55 1.2 490 
1.55 1.2 480 
1.55 1.25 470 
1.6 1.25 460 
1.6 1.25 450 
1.6 1.3 440 
1.6 1.3 430 
1.6 1.3 420 
1.6 1.3 410 
1.6 1.3 400 
1.65 1.35 390 
1.65 1.35 380 
1.65 1.35 370 
1.65 1.4 360 
1.65 1.4 350 
1.7 1.4 340 
1.7 1.4 330 
1.7 1.45 320 
1.7 1.45 310 
1.7 1.45 300 
1.7 1.5 290 
1.75 1.5 280 
1.75 1.5 270 
1.75 1.55 260 
1.75 1.55 250 
1.8 1.55 240 
1.8 1.6 230 
1.8 1.6 220 
1.8 1.6 210 
1.85 1.65 200 
1.85 1.65 190 
1.85 1.65 180 
1.85 1.7 170 
1.9 1.7 160 
1.9 1.7 150 
1.9 1.75 140 


















1.55 1.15 530 1.7 1.4 320 
1.55 1.15 520 1.75 1.45 310 
1.55 1.15 510 1.75 1.45 300 
1.55 1.15 500 1.75 1.45 290 
1.6 1.2 490 1.75 1.5 280 
1.6 1.2 480 1.75 1.5 270 
1.6 1.2 470 1.75 1.5 260 
1.6 1.25 460 1.8 1.55 250 
1.6 1.25 450 1.8 1.55 240 
1.6 1.25 440 1.8 1.55 230 
1.6 1.3 430 1.8 1.6 220 
1.65 1.3 420 1.8 1.6 210 
1.65 1.3 410 1.85 1.6 200 
1.65 1.3 400 1.85 1.65 190 
1.65 1.3 390 1.85 1.65 180 
1.65 1.35 380 1.85 1.7 170 
1.7 1.35 370 1.85 1.7 160 
1.7 1.35 360 1.9 1.7 150 
1.7 1.4 350 1.9 1.75 140 
1.7 1.4 340 1.9 1.75 130 


















1.9 1.45 650 2.1 1.8 390 
1.9 1.45 640 2.1 1.8 380 
1.9 1.45 630 2.15 1.85 370 
1.9 1.5 620 2.15 1.85 360 
1.9 1.5 610 2.15 1.85 350 
1.9 1.5 600 2.15 1.9 340 
1.9 1.5 590 2.2 1.9 330 
1.9 1.5 580 2.2 1.9 320 
1.9 1.55 570 2.2 1.9 310 
1.95 1.55 560 2.2 1.95 300 
1.95 1.55 550 2.2 1.95 290 
1.95 1.55 540 2.2 2 280 
1.95 1.55 530 2.25 2 270 
2 1.6 520 2.25 2 260 
2 1.65 510 2.25 2 250 
2 1.65 500 2.25 2.05 240 
2.05 1.65 490 2.3 2.05 230 
2.05 1.7 480 2.3 2.05 220 
2.05 1.7 470 2.3 2.1 210 
2.05 1.7 460 2.3 2.1 200 
2.05 1.7 450 2.3 2.1 190 
2.05 1.75 440 2.35 2.15 180 
2.1 1.75 430 2.35 2.15 170 
2.1 1.75 420 2.35 2.2 160 
2.1 1.8 410 2.4 2.2 151 


















1.9 1.45 660 2.1 1.75 400 
1.9 1.45 650 2.15 1.75 390 
1.95 1.45 640 2.15 1.75 380 
1.95 1.45 630 2.15 1.8 370 
1.95 1.5 620 2.15 1.8 360 
1.95 1.5 610 2.15 1.8 350 
1.95 1.5 600 2.15 1.8 340 
1.95 1.5 590 2.2 1.85 330 
1.95 1.5 580 2.2 1.85 320 
2 1.5 570 2.2 1.85 310 
2 1.55 560 2.2 1.9 300 
2 1.55 550 2.2 1.9 290 
2 1.55 540 2.25 1.9 280 
2 1.55 530 2.25 1.95 270 
2 1.6 520 2.25 1.95 260 
2 1.6 510 2.25 2 250 
2.05 1.6 500 2.25 2 240 
2.05 1.6 490 2.25 2 230 
2.05 1.65 480 2.3 2.05 220 
2.05 1.65 470 2.3 2.05 210 
2.05 1.65 460 2.3 2.05 200 
2.05 1.65 450 2.3 2.1 190 
2.1 1.7 440 2.3 2.1 180 
2.1 1.7 430 2.35 2.1 170 
2.1 1.7 420 2.35 2.15 160 





A7.  Calculation program 
1. AC resistance calculation 
rdc=160; %relative dielectric constant=160 
cr=1.72*10^-8; %coil resistivity unit:ohm*m 
mr=1/0.625; %media resistivity unit:ohm*m 
mrmp=1; %material relative magnetic permeability=1 
epsi0=1e-9/(36*pi);%free spae dieletric constant 
epsir=160; 
miur=1; 
miu0=4*pi*1e-7;%free space magnetic permeability 
freq=8e6;%operational frequency 
  
%pTX: TX gap interval; NTX: TX turn number; dwireTX: TX wire diame-
ter;  
%DTX: TX diameter 
dwireTX=1e-3; pTX=2.524e-3; DTX=0.201;  NTX=(1:20)'; 
  
%NRX: RX turn number; dwireRX: RX wire diameter; DRX: RX diameter 
%pRX: RX gap interval; 
dwireRX=1e-4; pRX=1e-4; DRX=2e-3; NRX=(1:250)'; 
  
%TX coil resistance 
  
%lTX: length of TX; 
lTX=NTX.*dwireTX+(NTX-1).*pTX;  
%lwireTX: length of wire of TX; DTX: diameter of TX 
lwireTX=((NTX*pi*DTX).^2+(lTX).^2).^0.5; 
%AwireTX: area of wire of TX 
AwireTX=(pi*dwireTX^2)/4; 
%skd: skin depth; freq: operational frequency 
skd=(cr/(pi*freq*miu0))^0.5; 
%RDCTX: dc resistance of TX 
RDCTX=cr*lwireTX/AwireTX; 
%skf: skin factor 
skf=dwireTX^2/4/(skd*dwireTX-skd^2); 
%PrxF: proximity factor 
PrxF=1:length(NTX); 
%calculation of proximity factor 
for i0=1:length(NTX) 
for i1=1:9  
for i2=1:11 
    a=pTX/dwireTX; 
    b=lTX(i0)/DTX; 
    if a>=prof_pd(i1)&&a<prof_pd(i1+1)&& b>=prof_lD(i2)&& 
b<prof_lD(i2+1) 
        PrxF(i0)=prof(i2,i1); 
    else 
        if a>=prof_pd(i1+1)&& b>=prof_lD(i2)&& b<prof_lD(i2+1) 
            PrxF(i0)=prof(i2,i1+1); 
        else 
            if a>=prof_pd(i1)&& a<prof_pd(i1+1)&& b>=prof_lD(i2+1) 
               PrxF(i0)=prof(i2+1,i1);  
            else 
                if a>=prof_pd(i1+1)&& b>=prof_lD(i2+1) 
                   PrxF(i0)=prof(i2+1,i1+1); 
                end 
            end 
        end 










%xlabel('Turn number N'); 
%ylabel('Rac [?]'); 
  
%coupling coil resistane 
  
%Couple coil has 1 turn  
lCp=dwireTX;  
%lwireCp: length of wire of Couple coil; DTX: diameter of Couple 
coil 
lwireCp=pi*DTX; 
%AwireCp: area of wire of Couple coil 
AwireCp=(pi*dwireTX^2)/4; 
%RDCTX: dc resistance of Cp 
RDCCp=cr*lwireCp/AwireCp; 
% RACTX: ac resistance of coupling coil 
RACCp=RDCCp.*skf; 
  
%RX coil resistance 
  
%lRX: length of RX; 
lRX=NRX.*dwireRX+(NRX-1).*pRX;  
%lwireRX: length of wire of RX;  
lwireRX=((NRX*pi*DRX).^2+(lRX).^2).^0.5; 
%AwireRX: area of wire of RX 
AwireRX=(pi*dwireRX^2)/4; 
%RDCRX: dc resistance of RX 
RDCRX=cr*lwireRX/AwireRX; 
%skfRX: skin factor of RX 
skfRX=dwireRX^2/4/(skd*dwireRX-skd^2); 
%PrxF: proximity factor 
PrxFRX=1:length(NRX); 
%calculation of proximity factor 
for i0=1:length(NRX) 
for i1=1:9  
for i2=1:11 
    a=pRX/dwireRX; 
    b=lRX(i0)/DRX; 
    if a>=prof_pd(i1)&&a<prof_pd(i1+1)&& b>=prof_lD(i2)&& 
b<prof_lD(i2+1) 
        PrxFRX(i0)=prof(i2,i1); 
    else 
        if a>=prof_pd(i1+1)&& b>=prof_lD(i2)&& b<prof_lD(i2+1) 
            PrxFRX(i0)=prof(i2,i1+1); 
        else 
            if a>=prof_pd(i1)&& a<prof_pd(i1+1)&& b>=prof_lD(i2+1) 
               PrxFRX(i0)=prof(i2+1,i1);  
            else 
                if a>=prof_pd(i1+1)&& b>=prof_lD(i2+1) 
                   PrxFRX(i0)=prof(i2+1,i1+1); 
                end 
            end 
        end 









2. Magnetic field strength calculation 
%VIN: input voltage; TD: transfer distance 
VIN=1; TD=0.2; 
  
%Primary coil current 
Ipri=VIN./4./(RACCp.*RACTX).^0.5; 
  





        Hpri(i3)=0; 
for i4=1:NTX(i3) 
        
Hpri(i3)=Hpri(i3)+Ipri(i3).*(DTX/2)^2./2./((DTX/2)^2+(TD+(pTX+dwireT
X).*(i4-1)).^2).^1.5; 











3. Ferrite-core solenoid coil 
%miufc: relative permeability of ferrite core coil;  
%HZ: set magnetic field strength 
miufc=80+5i; HZ=1.5; 
  
%ARX: cross-sectional area of RX 
ARX=pi*DRX^2/4; 
  
%efc: size factor of ferrite core coil 
efc=(1-(DRX./lRX).^2).^0.5; 
%Dfe: demagnetising factor of elliptical ferrite core coil 
Dfe=DRX^2./2./lRX.^2./efc.^3.*(log((1+efc)./(1-efc))-2.*efc); 
%Dfc: demagnetising factor of cylindrical ferrite core coil 
Dfc=Dfe.*0.755.*(lRX./DRX).^0.13; 
%miuf_RE: real part of ferrite core coil magnetic permeability; 
%miuf_IM: imaginary part 
miuf_RE=real(miufc./(1+Dfc.*(miufc-1))); 
miuf_IM=imag(miufc./(1+Dfc.*(miufc-1))); 
%VIND_F: ferrite core coil induced voltage with constant HZ; 
VIND_F=2*pi*freq*miu0*miuf_RE.*NRX*HZ*ARX; 






        Hpri2=0; 




    for i5=1:NTX_op 
        Hpri2=Hpri2+Ipri_op.*(DTX/2)^2./2./((DTX/2)^2+(TD+(pRX+dwir-
eRX).*(i4-1)+(pTX+dwireTX).*(i5-1)).^2).^1.5; 






%LRX0=air core inductance of RX 
LRX0=10*pi*miu0.*NRX.^2*(DRX/2)^2./(9*DRX/2+10.*lRX); 
%LRXFC=ferrite core inductance of RX 
LRXFC=miuf_RE.*LRX0; 
%RFC=ferrite coil resistance 
RFC=2*pi.*freq*miuf_IM.*LRX0; 
%RRXC: total resistance of RX coil 
RRXC=RFC+RACRX; 
%PRX1: receiver coil output power with set field strength 
PRX=VIND_F.^2/4./RRXC; 
%PRX2: reeiver coil output power with transmitter coil 
PRX1=VIND_F1.^2/4./RRXC; 
 
4. Coil capacitance 
%capacitance of Coupling coil 
%epsi_i: internal dielectric constant; epsi_x: external dielectric 
%constant; 
epsi_i=2.7; epsi_x=1; 
%kTX: size factor of TX; ZTX: another size factor of TX 
kTX=DTX/lCp; 
ZTX=2/pi/kTX; 
%kLTX: Nagaoka's coefficient 
kLTX=ZTX*(log10(1+1/ZTX)+1/(-10.632+3.347/kTX+1.764/kTX^2-
0.47/(0.755+kTX)^1.44)); 
%CLCP: capacitance of coupling coil 
CLCP=4*epsi0*epsi_x/pi*lCp*(1+(1/kLTX-
1)*(1+epsi_i/epsi_x)/2)+2*epsi0*(epsi_i+epsi_x)*DTX/log(1+pi^2/kTX); 
%LCPR: inductance to resonate CLCP 
LCPR=1/(2*pi*freq)^2/CLCP; 





5. Full system performance 
%Mutual inductance between primary coil and receiver coil 
%MTX_RX_air: mutual inductance in air 





        Hpri3=0; 
        MTX_RX_air(i3)=0; 
        MTX_RX_tiss(i3)=0; 
for i4=1:NRX(i3) 
    for i5=1:NTX_op 
        Hpri3=Hpri3+(DTX/2)^2./2./((DTX/2)^2+(TD+(pRX+dwireRX).*(i4-
1)+(pTX+dwireTX).*(i5-1)).^2).^1.5; 











%reflected resistance from RX to primary coil 
%RRX_TX_air: air; RRX_TX_tiss: tissue; 




%reflected resistance from coupling coil to primary coil 
RCp_TX_air=1/3.*(RACTX(6)+RRX_TX_air); 
RCp_TX_tiss=1/3.*(RACTX(6)+RRX_TX_tiss); 




%Full system primary coil current 
Ipri_full_air=VIN./4./(RACCp.*(RACTX(6)+RRX_TX_air)).^0.5; 
Ipri_full_tiss=VIN./4./(RACCp.*(RACTX(6)+RRX_TX_tiss)).^0.5; 









        Hpri4_air=0; 
        VIND_F1_full_air(i3)=0; 
        Hpri4_tiss=0; 
        VIND_F1_full_tiss(i3)=0; 
for i4=1:NRX(i3) 
    for i5=1:NTX_op 
        
Hpri4_air=Hpri4_air+Ipri_air_op.*(DTX/2)^2./2./((DTX/2)^2+(TD+(pRX+d
wireRX).*(i4-1)+(pTX+dwireTX).*(i5-1)).^2).^1.5; 
        
Hpri4_tiss=Hpri4_tiss+Ipri_tiss_op.*(DTX/2)^2./2./((DTX/2)^2+(TD+(pR
X+dwireRX).*(i4-1)+(pTX+dwireTX).*(i5-1)).^2).^1.5; 








































%xlabel('RX turn number NRX'); 
%ylabel('Induced voltage [V]'); 
 
 
6. Impedance matching 
%T-network 
%RZ: virtual impedance of T-network; RS: source impedance; 
RZ=100; RS=50; 
%MCP: Mutual inductance between coupling coil and primary coil 
RACTX_op=RACTX(6); 
MCP=(RACCp*RACTX_op)^0.5/(2*pi*freq); 















%Receiver circuit impedance matching 


























    Q_100(i6)=(RRXS_air_100/RREC(i6)-1)^0.5; 
    X1_100(i6)=RRXS_air_100/Q_100(i6); 
    X2_100(i6)=-RREC(i6)*Q_100(i6); 
    
VREC_air_100(i6)=0.5*abs(X1_100(i6)*I/(X1_100(i6)*I+RRXS_air_100))*V
IND_F1_full_air(100); 
else if RRXS_air_100<RREC(i6) 
        Q_100(i6)=(RREC(i6)/RRXS_air_100-1)^0.5; 
        X1_100(i6)=RREC(i6)/Q_100(i6); 
        X2_100(i6)=-RRXS_air_100*Q_100(i6); 
        
VREC_air_100(i6)=0.5*abs(X1_100(i6)*I/(X1_100(i6)*I+X2_100(i6)*I+RRX
S_air_100))*VIND_F1_full_air(100); 
    %else  
       % VREC_air_100(i6)=0.5*VIND_F1_full_air(100); 
    
    end 
end 
end 








    Q_150(i6)=(RRXS_air_150/RREC(i6)-1)^0.5; 
    X1_150(i6)=RRXS_air_150/Q_150(i6); 
    X2_150(i6)=-RREC(i6)*Q_150(i6); 
    
VREC_air_150(i6)=0.5*abs(X1_150(i6)*I/(X1_150(i6)*I+RRXS_air_150))*V
IND_F1_full_air(150); 
else if RRXS_air_150<RREC(i6) 
        Q_150(i6)=(RREC(i6)/RRXS_air_150-1)^0.5; 
        X1_150(i6)=RREC(i6)/Q_150(i6); 
        X2_150(i6)=-RRXS_air_150*Q_150(i6); 
        
VREC_air_150(i6)=0.5*abs(X1_150(i6)*I/(X1_150(i6)*I+X2_150(i6)*I+RRX
S_air_150))*VIND_F1_full_air(150); 
    else 
        VREC_air_150(i6)=0.5*VIND_F1_full_air(150); 
    end 
end 
end 










    Q_200(i6)=(RRXS_air_200/RREC(i6)-1)^0.5; 
    X1_200(i6)=RRXS_air_200/Q_200(i6); 
    X2_200(i6)=-RREC(i6)*Q_200(i6); 
    
VREC_air_200(i6)=0.5*abs(X1_200(i6)*I/(X1_200(i6)*I+RRXS_air_200))*V
IND_F1_full_air(200); 
else if RRXS_air_200<RREC(i6) 
        Q_200(i6)=(RREC(i6)/RRXS_air_200-1)^0.5; 
        X1_200(i6)=RREC(i6)/Q_200(i6); 
        X2_200(i6)=-RRXS_air_200*Q_200(i6); 
        
VREC_air_200(i6)=0.5*abs(X1_200(i6)*I/(X1_200(i6)*I+X2_200(i6)*I+RRX
S_air_200))*VIND_F1_full_air(200); 
    else 
        VREC_air_200(i6)=0.5*VIND_F1_full_air(200); 
    end 
end 
end 








    Q_250(i6)=(RRXS_air_250/RREC(i6)-1)^0.5; 
    X1_250(i6)=RRXS_air_250/Q_250(i6); 
    X2_250(i6)=-RREC(i6)*Q_250(i6); 
    
VREC_air_250(i6)=0.5*abs(X1_250(i6)*I/(X1_250(i6)*I+RRXS_air_250))*V
IND_F1_full_air(250); 
else if RRXS_air_250<RREC(i6) 
        Q_250(i6)=(RREC(i6)/RRXS_air_250-1)^0.5; 
        X1_250(i6)=RREC(i6)/Q_250(i6); 
        X2_250(i6)=-RRXS_air_250*Q_250(i6); 
        
VREC_air_250(i6)=0.5*abs(X1_250(i6)*I/(X1_250(i6)*I+X2_250(i6)*I+RRX
S_air_250))*VIND_F1_full_air(250); 
    else 
        VREC_air_250(i6)=0.5*VIND_F1_full_air(250); 
    end 
end 
end 































    Q_100_tiss(i6)=(RRXS_tiss_100/RREC(i6)-1)^0.5; 
    X1_100_tiss(i6)=RRXS_tiss_100/Q_100_tiss(i6); 
    X2_100_tiss(i6)=-RREC(i6)*Q_100_tiss(i6); 
    
VREC_tiss_100(i6)=0.5*abs(X1_100_tiss(i6)*I/(X1_100_tiss(i6)*I+RRXS_
tiss_100))*VIND_F1_full_tiss(100); 
else if RRXS_tiss_100<RREC(i6) 
        Q_100_tiss(i6)=(RREC(i6)/RRXS_tiss_100-1)^0.5; 
        X1_100_tiss(i6)=RREC(i6)/Q_100_tiss(i6); 
        X2_100_tiss(i6)=-RRXS_tiss_100*Q_100_tiss(i6); 
        
VREC_tiss_100(i6)=0.5*abs(X1_100_tiss(i6)*I/(X1_100_tiss(i6)*I+X2_10
0_tiss(i6)*I+RRXS_tiss_100))*VIND_F1_full_tiss(100); 
    else 
        VREC_tiss_100(i6)=0.5*VIND_F1_full_tiss(100); 
    end 
end 
end 








    Q_150_tiss(i6)=(RRXS_tiss_150/RREC(i6)-1)^0.5; 
    X1_150_tiss(i6)=RRXS_tiss_150/Q_150_tiss(i6); 
    X2_150_tiss(i6)=-RREC(i6)*Q_150_tiss(i6); 
    
VREC_tiss_150(i6)=0.5*abs(X1_150_tiss(i6)*I/(X1_150_tiss(i6)*I+RRXS_
tiss_150))*VIND_F1_full_tiss(150); 
else if RRXS_tiss_150<RREC(i6) 
        Q_150_tiss(i6)=(RREC(i6)/RRXS_tiss_150-1)^0.5; 
        X1_150_tiss(i6)=RREC(i6)/Q_150_tiss(i6); 
        X2_150_tiss(i6)=-RRXS_tiss_150*Q_150_tiss(i6); 
        
VREC_tiss_150(i6)=0.5*abs(X1_150_tiss(i6)*I/(X1_150_tiss(i6)*I+X2_15
0_tiss(i6)*I+RRXS_tiss_150))*VIND_F1_full_tiss(150); 
    else 
        VREC_tiss_150(i6)=0.5*VIND_F1_full_tiss(150); 
    end 
end 
end 










    Q_200_tiss(i6)=(RRXS_tiss_200/RREC(i6)-1)^0.5; 
    X1_200_tiss(i6)=RRXS_tiss_200/Q_200_tiss(i6); 
    X2_200_tiss(i6)=-RREC(i6)*Q_200_tiss(i6); 
    
VREC_tiss_200(i6)=0.5*abs(X1_200_tiss(i6)*I/(X1_200_tiss(i6)*I+RRXS_
tiss_200))*VIND_F1_full_tiss(200); 
else if RRXS_tiss_200<RREC(i6) 
        Q_200_tiss(i6)=(RREC(i6)/RRXS_tiss_200-1)^0.5; 
        X1_200_tiss(i6)=RREC(i6)/Q_200_tiss(i6); 
        X2_200_tiss(i6)=-RRXS_tiss_200*Q_200_tiss(i6); 
        
VREC_tiss_200(i6)=0.5*abs(X1_200_tiss(i6)*I/(X1_200_tiss(i6)*I+X2_20
0_tiss(i6)*I+RRXS_tiss_200))*VIND_F1_full_tiss(200); 
    else 
        VREC_tiss_200(i6)=0.5*VIND_F1_full_tiss(200); 
    end 
end 
end 








    Q_250_tiss(i6)=(RRXS_tiss_250/RREC(i6)-1)^0.5; 
    X1_250_tiss(i6)=RRXS_tiss_250/Q_250_tiss(i6); 
    X2_250_tiss(i6)=-RREC(i6)*Q_250_tiss(i6); 
    
VREC_tiss_250(i6)=0.5*abs(X1_250_tiss(i6)*I/(X1_250_tiss(i6)*I+RRXS_
tiss_250))*VIND_F1_full_tiss(250); 
else if RRXS_tiss_250<RREC(i6) 
        Q_250_tiss(i6)=(RREC(i6)/RRXS_tiss_250-1)^0.5; 
        X1_250_tiss(i6)=RREC(i6)/Q_250_tiss(i6); 
        X2_250_tiss(i6)=-RRXS_tiss_250*Q_250_tiss(i6); 
        
VREC_tiss_250(i6)=0.5*abs(X1_250_tiss(i6)*I/(X1_250_tiss(i6)*I+X2_25
0_tiss(i6)*I+RRXS_tiss_250))*VIND_F1_full_tiss(250); 
    else 
        VREC_tiss_250(i6)=0.5*VIND_F1_full_tiss(250); 










xlabel('Rectifier input resistance [Ohm]'); 
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